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Abstract: 
INVESTIGATIONS ON THE EFFECT OF MANUFACTURING ON THE CONTACT 
RESISTANCE BEHAVIOR OF METALLIC BIPOLAR PLATES FOR POLYMER 
ELECTROLYTE MEMBRANE FUEL CELLS 
By Cabir Turan, Ph.D. 
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, at Virginia Commonwealth University. 
Virginia Commonwealth University, 2011 
 
Major Director: Ramana M. Pidaparti, Professor, Department of Mechanical Engineering 
 
Polymer electrolyte membrane fuel cells (PEMFCs) have emerged as a strong and promising 
candidate to replace internal combustion engines (ICE) due their high efficiency, high power 
density and near-zero hazardous emissions.  However, their commercialization waits for 
solutions to bring about significant cost-reductions and significant durability for given power 
densities. Bipolar plate (BPP) with its multi-faceted functions is one of the essential components 
of the PEMFC stacks.  Stainless steel alloys are considered promising materials of choice for 
bipolar plate (BPP) applications in polymer electrolyte membrane fuel cells (PEMFC) due to 
their relatively low cost and commercial availability in thin sheets.   
Stainless steel materials build a protective passive metal oxide layer on their surface against 
corrosion attack. This passive layer does not demonstrate good electrical conductivity and 
increases interfacial electric contact resistance (ICR) between BPP and gas diffusion layer GDL 
in PEMFC. Lower ICR values are desired to reduce parasitic power losses and increase current 
density in order to improve efficiency and power density of PEMFC.  
This study aimed to bring about a broader understanding of manufacturing effects on the 
BPP contact resistance. In first stage, BPP samples manufactured with stamping and 
xxi 
 
hydroforming under different process conditions were tested for their electrical contact resistance 
characteristics to reveal the effect of manufacturing type and conditions.  As a general 
conclusion, stamped BPPs showed higher contact conductivity than the hydroformed BPPs.  
Moreover, pressure in hydroforming and geometry had significant effects on the contact 
resistance behavior of BPPs. Short term corrosion exposure was found to decrease the contact 
resistance of bipolar plates.  Results also indicated that contact resistance values of uncoated 
stainless steel BPPs are significantly higher than the respective target set by U.S. Department of 
Energy. Proper coating or surface treatments were found to be necessary to satisfy the 
requirements.  
In the second stage, physical vapor deposition technique was used to coat bipolar plates with 
CrN, TiN and ZrN coatings at 0.1, 0.5 and 1 μm coating thicknesses. Effects of different coatings 
and coating thickness parameters were studied as manufactured BPPs. Interfacial contact 
resistance tests indicated that CrN coating increased the contact resistance of the samples.  1 µm 
TiN coated samples showed the best performance in terms of low ICR; however, ICR increased 
dramatically after short term exposure to corrosion under PEMFC working conditions.  ZrN 
coating also improved conductivity of the SS316L BPP samples. It was found that the effect of 
coating material and coating thickness was significant whereas the manufacturing method and 
BPP channel size slightly affected the ICR of the metallic BPP samples.   
Finally, effect of process sequence on coated BPPs was investigated.  In terms of ICR, BPP 
samples which were coated prior to forming exhibited similar or even better performance than 
coated after forming samples.  Thus, continuous coating of unformed stripes, then, applying 
forming process seemed to be favorable and worth further investigation in the quest of making 
cost effective BPPs for mass production of PEMFC.   
1 
 
 
1. CHAPTER 1: Introduction 
1.1. Research Motivation and Background 
In a quest for sustainable mobility, improved fuel efficiency and significantly reduced tail-
pipe emissions impose the replacement of conventional energy conversion systems with 
environmentally-friendly renewable and green energy technologies along with light weighting 
solutions in transportation vehicles.  Fuel cell technology has been pursued as one of the 
promising avenues to realize the clean and high efficiency energy conversion system for 
transportation vehicles.  Polymer Electrolyte Membrane Fuel Cells (PEMFC), in particular, have 
emerged as a strong and promising candidate to replace internal combustion engines due their 
advantageous features such as: minimal noise during operations, relatively compact size, high 
power density, quick start up capability, low temperature operation, and most importantly near-
zero hazardous emissions.  In spite of these benefits, high cost and low durability of PEMFC 
stacks postpone their widespread commercialization [1].  
Bipolar plate (BPP) with its multi-faceted functions is one of the essential components of the 
PEMFC stacks.  These functions include carrying fuel and air to the respective electrodes, 
removing excess produced water away from the membrane, conducting electric current between 
the cells, making complete separation of air and fuel, providing mechanical support and strength 
for the rest of the stack, handling transmission of sealing stress and helping to moderate the stack 
temperature [2-4].  In order to perform such vital functions properly and simultaneously, BBPs 
need to have high electrical and thermal conductivity, low gas permeability, good mechanical 
strength, very high corrosion resistance, and suitable surface properties to enable good contact, 
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sealing and water removal.  For transportation applications, additional features such as low 
volume, low weight and certain degree of flexibility are needed.  Currently, among all other 
components of PEMFC stack, BPPs stand as high-weight, high-volume and high-cost 
components [5,6]. 
Early BPPs were fabricated from machined graphite because of its corrosion resistance and 
satisfactory electrical conductivity in fuel cell operating environment.  However, its high 
material and manufacturing costs curtail competitiveness of the PEM fuel cells.  Hence, 
alternative BPP materials such as carbon-carbon and carbon-polymer composites were 
developed.  Their main disadvantages can be listed as relatively low electrical and thermal 
conductivity, limited operating temperature range and still moderately high material and 
manufacturing costs. Metallic BPPs, particularly different grades of stainless steels, have been 
increasingly considered and investigated because of their relatively low cost, relatively good 
corrosion resistance, sufficient stiffness and excellent flexibility in thin forms, and easy 
manufacturability [2,3,7]. 
The major concerns with the use of stainless steel alloys as BPPs are their lower corrosion 
resistance and high interfacial electrical resistance in challenging fuel cell environment under 
long operation [2,3,8-14,14-24].  Stainless steel materials build a passive metal oxide layer on 
their surface, and this layer is beneficial to slow further corrosion attack to material.  This 
passive layer is typically has a semi-conductor characteristic, and does not demonstrate the good 
electrical conductivity levels needed by bipolar plate [22]. Contact resistance, as closely 
correlated with corrosion, plays an important role in fuel cell performance.  When the bipolar 
plate surface is passivated by corrosion, ohmic losses and current resistance generally increase in 
long run.  Metal ion dissolution by corrosion also can degrade the performance of PEMFC 
3 
 
through membrane electrode assembly (MEA) contamination [9,12,25-28].   In a regular 
PEMFC, multiple fuel cells are stacked together to provide sufficient power and voltage via 
bipolar plates which electrically connect adjacent cells.  This arrangement multiplies the ohmic 
power losses resulting from contact resistance between each gas diffusion layer (GDL) and BPP.  
Thus, contact resistance characteristics of BPP have significant effect on the overall PEMFC 
stack efficiency. Therefore, the desired performance level of the PEMFC significantly depends 
on low contact resistance between BPP and GDL.  In a way, contact resistance in fuel cells is 
like the friction in the internal combustion engines (ICEs) wasting the generated energy and 
leading to low efficiencies.  US Department of Energy (DOE) set the contact resistance goal for 
PEMFC applications as lower than 10mΩ-cm2 at 140 N/cm2 compaction pressure for year 2015 
[29].  Researchers all over the world have been conducting investigations to overcome contact 
resistance issues by understanding the underlying mechanisms and bringing alternative solutions 
to the interactive effects of surface conditions, coatings, substrate materials, manufacturing and 
assembly on the electrical contact resistance and its consequences on the overall fuel cell 
performance and durability [2-7,22,27,30]. 
From these earlier investigations, it is clearly understood that there is a direct interaction 
between bipolar plate surface condition and the interfacial contact resistance (ICR).  In addition, 
the manufacturing of BPPs is considered to be an important factor as it dictates the surface 
conditions of BPPs.  Manufacturing process imposes the contact geometry which is effective on 
contact pressure, contact area and contact uniformity.   
Several production methods such as machining, stamping, die casting, investment casting, 
powder metal forging, electroforming, stretch forming, and hydroforming were proposed and 
investigated for fabrication of the metallic bipolar plates.  Among these, stamping and 
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hydroforming are believed to be the most suitable approaches for mass production of BPPs 
[3,8,31].  The outstanding advantages of the stamping method are its faster production rate and 
cost competitiveness, while hydroforming offers good and consistent surface topology, uniform 
thickness distribution and tight dimensional tolerances [32].  This study was focused on these 
two manufacturing methods: stamping and hydroforming. 
1.2. Research Objectives 
There are numerous publications discussing the corrosion and contact mechanics of various 
BPP materials [3,21-23,33-35]; however, as far as the reviewed literature is considered so far, 
there is no study dedicated to the effect of manufacturing processes on the electrical contact 
resistance of metallic bipolar plates.  Thus, this study aimed to bring about a broader 
understanding of manufacturing effects (process, material, coating type, coating thickness, 
coating and manufacturing process sequence) on the BPP contact resistance.  This understanding 
is expected to help having a complete picture of the performance of the stainless steel bipolar 
plates manufactured through stamping and hydroforming.   
Specific objectives of this project can be summarized as follows: 
Understanding the effect of material, manufacturing process (stamping and hydroforming) 
and process parameters (die geometry, stamping force and punch speed in stamping; and 
pressure, and pressure rate in hydroforming) on the contact resistance of metallic BPPs.  
Understanding the effect of coating and its interactions with manufacturing conditions on 
the contact resistance behavior of metallic BPPs. 
Understanding the effect of process sequence on contact resistance of coated metallic BPPs.  
5 
 
1.3. Dissertation Organization 
This dissertation is organized in accordance with research objectives given above.  Each 
objective was studied in a separate chapter through the dissertation.  Hence, dissertation 
organization is in following form: 
Chapter 1: Introduction. 
Chapter 2: Literature review and background. 
Chapter 3: Effect of manufacturing process on contact resistance of uncoated metallic 
BPPs. 
Chapter 4: Effect of material and manufacturing process on contact resistance of coated 
metallic BPPs. 
Chapter 5: Effect of process sequence on contact resistance of coated metallic BPPs. 
Chapter 6: Summary and conclusions.  
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2. CHAPTER 2: Literature Review and Background 
2.1. Energy 
2.1.1. Energy Revolution 
Recent history of human civilization can be characterized by technological revolutions.  
Invention of the steam engine started the industrial revolution, and exploitation of steam engine 
allowed utilization of coal and revolutionized the manufacturing with a great effect on economy 
and social systems.  The electricity revolution made energy accessible to large populations.  It 
made possible the development of many electrical devices and gadgets which made profound 
changes in our daily life today.  Industrialization enabled mass manufacturing of cars and 
initiated automobile revolution.  Automobiles changed the way of living and city layout in 
modern times.  Fast and inexpensive mass transportation means led to increased mobility and 
interactions between countries, continents and cultures.  Similarly, invention of computers 
triggered the information revolution. Although computers were originally developed for 
computing purposes only at the beginning, they became essential parts of our life in today’s 
world. 
Each revolution above started with a technological invention that it impacted our lives, 
thinking and perceptions substantially.  Then, it enabled development of new ideas, products and 
services.  Many scientists consider that the fuel cell is one of such powerful technologies that 
could start the energy revolution.  They expect that fuel cell will change global energy systems in 
many aspects including greater utilization of renewable sources, promoting rational use of 
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energy, decentralizing power generation, allowing power generation it various scales, stopping or 
harming the environment [36].  It may eventually reduce the dependence of countries on each 
other, and may lead to changes in their interactions.  This, in turn, may change how individuals 
think, live and interact. 
2.1.2. History of Energy 
The main fuels were wood and other traditional forms of energy in pre-industrial ages.  
Discovery of abundant coal and its utilization stimulated industrial revolution, and coal was the 
main fuel type for more than a century.  After World War I, oil exploration and its use increased.  
Expanding industry and increasing prosperity soared use of oil after World War II.  Natural gas 
was brought to the industrial use and to national economies as an alternative fuel and has 
recently surpassed the coal and oil in consumption.  
An important proportion of coal and gas production is used to generate electricity that is a 
premium form of energy due to its flexibility and ease of distribution.  Global electricity demand, 
on the other hand, is incessantly growing, driven by widening of consumer electronics, 
increasing industrial and consumer activity especially in the developing countries.  
2.1.3. World Energy Consumption 
Present global energy consumption is mainly depended on utilization of fossil fuels.  
According to International Energy Agency (IEA) Key World Statistics 2010, coal, oil, and gas 
contribute more than 80% of total primary energy of the World as shown in Figure 2-1 [37].  
Nevertheless, there are several problems with large scale fossil fuel utilization: (1) fossil fuels 
would be depleted in a foreseeable future, and (2) fossil fuels, their by-products and activities to 
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extract them results in harmful environmental impacts, (3) unevenly distribution of the fossil fuel 
reserves emerges as a crucial energy security concern [36,38,39].        
 
Figure 2-1  World total primary energy supply shares by fuel for the year 2008. (*Other includes 
geothermal, solar, wind, heat, etc.)(Data is taken from [37]). 
 
2.1.4. Finite Resources 
Although it is difficult to determine precise reserves for fossil fuels, it is assessed that 
current oil reserves can meet the present demand for next 30 years. Natural gas reserves, on the 
other hand, are expected to provide the current demands as long as 60 years.  Also it is 
considered that natural gas is far less explored than oil so there is probably more to be found.  In 
addition, there are unconventional hydrocarbon sources such as heavy oil and bitumen, oil shale, 
shale gas and coal bed methane, whose global reserves have been assessed roughly to be three 
times the size of conventional oil and gas resources.  These are more expensive to extract but 
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might be feasible when the price of conventional fossil fuels increases by depletion.  Coal is 
more abundant than oil and gas and it is expected to lasts for hundreds of years. From nuclear 
energy perspective, fuel for nuclear fission is not unlimited. The life time of uranium reserves for 
conventional fission, at current usage, have been estimated about 50 years. 
A heated international debate is currently focused on oil peak level since it signals that the 
demand will most likely not be fully met, with significantly rising prices. Peak oil level can be 
defined that when the oil and gas extraction rate starts to fall and occurs well before resources 
run out. Low quality hydrocarbon resources would be preferred with increasing oil prices and 
this may elevate air pollution and carbon dioxide emission. Although there is no precise 
agreement on estimation of global peak oil, many scientists believe that it is not far and its 
consequences will be significant [40-42]. 
 
2.1.5. Energy Security  
Energy security is defined as the” interrupted physical availability of energy products on the 
market at a price which is affordable for all consumers (private and industrial)” by European 
Commission in its Green Paper [43].  Energy security is a major concern about energy use.  The 
uneven distribution of the energy sources among the countries increases vulnerability of the 
energy supply.   Main threats to energy security are politic instability, manipulation of energy 
supply, the competition over energy sources, attacks on supply infrastructure, accidents and 
natural disasters.     
Use of renewable technologies increases the diversity of electricity sources.  Local 
generation contributes flexibility of the system and helps the system to avoid central shocks.  
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Fuel cell technologies helps utilization of the renewable energy sources, thus, may contribute to 
alleviate of energy security issues.   
2.1.6. Environmental Impact of the Energy Use 
 Use of fossil fuel and producing of electricity have significant negative impact on 
environment.  Combustion of fuels produces carbon dioxide and some harmful emissions such as 
nitrogen oxides and sulfur oxides.  Many researchers suggest that there is a strong correlation 
between atmospheric carbon dioxide level and global temperature.  Global warming is 
considered as one of the most serious problems for the planet.  In addition, nitrogen sulfur oxides 
are the main contributors to the air pollution and acid rains. Also, extraction of the fossil fuels 
immensely damages the environment.   Radioactive disposal, radioactive emissions and final 
decommissioning are some environmental concerns with nuclear power generation. Furthermore, 
environmental damage from uranium mining is another issue related with nuclear cycle.  Global 
reserves of fossil fuels and mineral ores are not infinite and exploitation of coal, oil, gas and 
uranium are not sustainable in long term.  Fortunately, renewable energy almost inexhaustible 
and has not long term significant harmful effect on environment [36,44,45].         
  
2.1.7. Renewable Energy  
Renewable energy seems to be a remedy for the problems of present energy system.   
Although renewable resources are sufficient to provide current and future energy demand in 
theory, there are some challenges to be solved before their widespread utilization.  One of the 
most important difficulties with some of the renewable energy sources such as wind and solar 
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power is their intermittent character so that new energy storage methods and energy carriers are 
required to overcome this difficulty.  Hydrogen has been suggested as an energy carrier and 
energy storage option for future [39,46].         
2.1.8. Hydrogen and Fuel Cells 
Hydrogen is considered as one of the promising candidate of some current energy problems. 
Hydrogen is a nontoxic fuel and its combustion products do not create any pollution or 
greenhouse gases.  Its electrochemical conversion in fuel cells is a very efficient way of using 
hydrogen to provide useful energy, so hydrogen does not have to be combusted. 
Hydrogen can be produced from several energy sources, including fossil fuels, nuclear 
energy, and renewable energy.  Use of hydrogen is possible as fuel in almost any application 
where fossil fuels are used today—particularly in transportation, where it would offer immediate 
benefits in terms of reduced pollution and cleaner environment.  Fuel cells have vital function in 
hydrogen economy especially in mobile applications.  Figure 2-2 illustrates the role of hydrogen 
and fuel cells in whole energy system. Fuel cell is a shortcut between chemical energy to 
electrical energy by skipping combustion and mechanical conversion.  
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Figure 2-2  Conversion from a variety of energy forms into electricity (adapted from [36]). 
 
2.2. Fuel Cell 
A fuel cell is an electrochemical device that converts chemical energy into electrical energy 
directly.  Different from a battery, it can produce electrical energy as long as fuel supplied, and 
without need for recharging.  Typical reactants of fuel cells are hydrogen and oxygen, while it is 
possible to use of alcohols, hydrocarbons and their derivatives in respective fuel cell types as 
fuels.  Pure oxygen or oxygen in air mixture can be used as oxidant.   When hydrogen and 
oxygen are used as reactants, only water and heat will be by-products [46,47]. 
2.2.1. History of Fuel Cell 
It is widely known that Sir William Grove [48] discovered and explained operating principle 
of the first fuel cell in 1839 although a Swiss scientist Christian F. Schönbein [49] independently 
discovered very same effect at about same time.   Any practical applications were not developed 
for near a century after the first attempts.  Francis T. Bacon made 6 kW fuel cell by the end of 
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the 1950s.  The first practical applications of the fuel cells were used in U. S. space programs.  
General Electric developed the first PEMFC for NASA in the 1960s.  Fuel cells successfully 
used almost only for NASA space programs until 1990s.  At that time fuel research started to get 
more attention for many applications, and variety of successful fuel cell applications have been 
demonstrated.  Today, fuel cells are among the important research subjects at many universities, 
institutes and companies all over the world [46]. 
 
2.2.2. Operating principle of fuel cells 
In general, a fuel cell consists of two electrodes and an electrolyte between them (Figure 
2-3).  Hydrogen is fed in the anode side and oxygen fed in the cathode side.  Hydrogen splits into 
its electron and proton (ion).  Positively charged hydrogen ions pass through electrolyte from 
anode side to cathode side when negatively charged electrons go from anode side to cathode side 
via external circuit.  This external electron circulation creates the useful electrical power of the 
fuel cell.  
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Figure 2-3  Basic schematic of a typical single fuel cell [50]. 
 
2.2.3. Advantages of the Fuel Cells 
The main advantages of the fuel cells can be summarized as follows:  
Efficiency: Fuel cells are more efficient than internal combustion engines. Fuel cells are not 
heat machines, so Carnot’s efficiency does not limit efficiency of the fuel cells. This advantage 
makes fuel cells promising alternatives for automobile application. Also, fuel cells are more 
efficient steam and gas turbines, and therefore fuel cells may be used for distributed power 
generation.  
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Low or zero emission:  Because hydrogen fuel cells generate only water, heat and unused 
air as by-products, they may conveniently be used indoor applications and submarines.  
However, hydrogen is not a readily available fuel; process of hydrogen production of fuel 
processing should be considered for comparison to conventional technologies.  In this case 
emissions are lower than conventional energy conversion technologies.    
Simplicity and modularity:  Their simplicity makes fuel cell promising for both low cost 
and long life applications.  Since they are made in layers of repetitive components, they have the 
potential to be mass produced at a low cost.  Besides, fuel cells do not have any moving parts so 
that they have a potential for long life.  Current fuel cell applications may reach automotive 
demand in life span (3000-5000 hours) but they must reach 40,000-80,000 hours durability to be 
cost competitive with current power generation technologies.   
 
2.2.4. Types of the Fuel Cells 
Type of the electrolyte used in a fuel cell determines the type of the fuel cell. Positively or 
negatively charged ion specie depends on type of fuel cell type and this determines the site of 
water production and removal.  Most common types of fuel cells are summarized in Table 2.1.  
Although each type of fuel cells has its own advantages and disadvantages, polymer electrolyte 
membrane (also known as “proton exchange membrane”) fuel cells (PEMFC) take most attention 
because of its potential compatibility for automobile application.   
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Table 2-1  Comparison of Fuel Cell Technologies [51] . 
Fuel cell Temperature 
(°C) 
Efficiency 
(%) 
Application Advantages Disadvantages 
Alkaline 
fuel cell 
(AFC) 
50–90 50–70 Space application 
High 
efficiency 
Intolerant to 
CO2 in impure 
H2 and air, 
corrosion, 
expensive 
Phosphoric 
acid fuel 
cell (PAFC) 
175–220 40–45 
Stand-alone 
& combined 
heat & power 
Tolerant to 
impure H2, 
commercial 
Low power 
density, 
corrosion & 
sulfur poisoning 
Molten 
carbonate 
fuel cell 
(MCFC) 
600–650 50–60 
Central, 
stand-alone 
& combined 
heat & power 
High 
efficiency, 
near 
commercial 
Electrolyte 
instability, 
corrosion & 
sulfur poisoning 
Solid oxide 
fuel cell 
(SOFC) 
800–1000 50–60 
Central, 
stand-alone 
& combined 
heat & power 
High 
efficiency & 
direct fossil 
fuel 
High 
temperature, 
thermal stress 
failure, coking 
& sulfur 
poisoning 
Polymer 
electrolyte 
membrane 
fuel cell 
(PEMFC) 
60–100 40–50 Vehicle & portable 
High power 
density, low 
temperature 
Intolerant to CO 
in impure H2 
and expensive 
Direct 
methanol 
fuel cell 
(DMFC) 
50–120 25–40 
Vehicle & 
small 
portable 
No reforming, 
high power 
density & low 
temperature 
Low efficiency, 
methanol 
crossover & 
poisonous 
byproduct 
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2.3. PEMFC 
Among various fuel cell types, PEMFC are preferential in wide range of application.  Their 
advantageous features such as: minimal noise during operations, relatively compact size, high 
power density, quick start up capability, low temperature operation, and most importantly near-
zero hazardous emissions make them a prominent candidate to replace internal combustion 
engines in automobiles.  Besides, PEMFC is a prominent concept as mobile device power supply 
due to similar requirements from these type devices.  A typical single PEMFC mainly consists of 
a membrane-electrode assembly (MAE), two current collectors with flow channels and seals.  
However, cells are stacked together via bipolar plates to obtain sufficient level of voltage (Figure 
2-4).   
 
Figure 2-4 A bipolar plate between two cells [46].   
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2.3.1. Applications of PEMFC 
Wang et al. recently reviewed technology, applications and fundamental research needs for 
PEMFC.   Applications of PEMFC are mainly categorized as transportation, stationary and 
portable power generation.    The most important application of PEM fuel cells focuses on 
transportation primarily because of their potential impact on the environment. Transportation is 
one of the sectors the most energy-burning processes. The current widespread technology is 
based on reciprocating internal combustion engines (ICE) which primarily depend on 
hydrocarbon fuels. Several concerns such as air pollution, climate change and fuel sustainability 
are closely associated with this wide spread and fast-growing dependence of fossil fuels.  
Number of solutions based on electric drives proposed by car manufacturers.  Some of them are 
prototypes for medium and long term experimentation while the others are in market already.  
These proposed solutions can be categorized into three general groups: pure battery electric 
vehicles (BEV), fuel cell electric vehicles (FCEV) and hybrid electric vehicles (HEV). Most 
major automobile manufacturers work on PEM fuel cells due to their high power density and 
excellent dynamic characteristics as compared with other types of fuel cells. Various companies 
have developed and demonstrated their own fuel-cell vehicles (FCV), such as GM Hydrogen 1, 
Ford Demo IIa (Focus), DaimlerChrysler NeCar4a, Honda FCX-V3, Toyota FCHV, Nissan 
XTERRA FCV, VW Bora HyMotion, and Hyundai Santa Fe FCV [52].  Comprehensive and up-
to-date list may be found at [53]. 
 
Campanari et al. investigated energy and environmental balances for BEV or FCEV, by 
using well to wheel (WTW) analysis method, based on ECE-EUDC driving cycle simulations 
[54].   They assumed use of Li-ion batteries in BEV and PEMFC in FCEV also considered 
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different scenarios for primary energy feedstock (renewable energy, coal, natural gas) and for the 
energy conversion chain, which in case of FCEV may rely on gaseous or liquid hydrogen 
generated in central power station and later stored onboard, or make use of onboard fuel 
processors fed with gasoline, natural gas or liquid biofuels (Figure 2-5 and Figure 2-6). Their 
calculation is a function of the required vehicle driving range, which affects the vehicle weight 
through the onboard energy storage capacity and powertrain size.  Also, they took into account 
maximum speed requirements and possible aggressive driving cycles.  They found significantly 
different results from those of a simpler nominal load WTW calculation [54].  Authors pointed 
out conclusions as follows: 
• The BEV was the most efficient option when using 100% renewable energy sources 
to generate electricity.  For this this case, zero emissions was also resulted.  
• When the electricity was generated from an average primary source mix, 100% coal 
or natural gas, the performance of the BEV much lower, and FCEV options become 
much more favorable both by the point of view of efficiency and CO2 emissions.  
Increasing driving range made this difference more significant. 
• Use of liquid H2 generated through the natural gas pathway or by renewable sources 
was found the most efficient and low CO2 emissions solution among FCEV options.       
They concluded that pure BEV vehicles should hardly compete with FCEV in presence of 
medium to long driving range requirements.  Authors also emphasized intermediate solutions by 
combining the strength of both technologies such as plug-in FCEV hybrids with relevant battery 
storage, although increasing complexity to the system.  
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Figure 2-5  Conversion chain from primary sources to the vehicle (well-to-tank pathways) and 
related efficiencies [54]. 
 
 
Figure 2-6  Conversion chain for different fuels used for vehicles with onboard hydrogen 
generation [54]. 
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Figure 2-7  Total energy required for various well to wheel pathways applied to ECE-EUDC 
cycle as a function of the driving range [54]. 
 
Fuel cell buses take attention of governments to improve urban air quality.  Beside number 
of local programs, the US and European Union announced their government-funded procurement 
plans, National Fuel Cell Bus Program and Fuel Cell and Hydrogen Technology Initiative 
respectively [52].  China has also developed a fuel cell bus program and demonstrated their fleet 
by serving during 2008 Olympic Games [55].  
     
PEMFC systems has been applied electric powered bicycles, material handling vehicles, and 
auxiliary power units including leisure, trucking, marine and unmanned aerial vehicles.  A fuel 
cell based air independent propulsion system has developed and applied to submarines by 
Siemens.   
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Fuel cell applications in utility and material handling vehicles are especially attractive 
because the power requirement is smaller, so the fuel cell can be manufactured more cheaply.  
Another advantages of these vehicles for fuel cell technology is that they refuel at a central 
fueling station, eliminating the need for a set hydrogen infrastructure right away.  Fuel cell 
forklifts are considered that they may help to establish a proving ground for hydrogen fueling 
technology that will promote the future adoption of fuel cells in other applications, such as cars, 
and help drive the use of fuel cell technology.   Research and development of material handling 
applications would help commercialize the larger markets such as automobiles by providing real 
time data that can be used to improve the technology and manufacturing capability.  It also may 
help build the supply chain to develop, manufacture, distribute, and service the fuel cells and 
associated components at a quicker pace [56].   Gaines et al. reported advantages of fuel cell 
compared to battery system in forklifts as less greenhouse gas emissions, longer run time, short 
refueling time and eliminating battery storage and changing space [57]. 
2.4. Bipolar Plates  
Bipolar plates (BPPs) (also known as “flow fields” and “separators”) with their multi-
faceted functions are one of the essential components of the PEMFC stacks.  These functions 
include carrying fuel and air to the respective electrodes, removing excess produced water away 
from the membrane, conducting electric current between the cells, making complete separation 
of air and fuel, providing mechanical support and strength for the rest of the stack, handling 
transmission of sealing stress and helping to moderate the stack temperature [2-4].  In order to 
perform such vital functions properly and simultaneously, BBPs need to have high electrical and 
thermal conductivity, low gas permeability, good mechanical strength, very high corrosion 
resistance, and suitable surface properties to enable good contact, sealing and water removal.  
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For transportation applications, additional features such as low volume, low weight and certain 
degree of flexibility are needed.  Currently, among all other components of PEMFC stack, BPPs 
stand as high-weight, high-volume and high-cost components.   Tsuchiya et al. estimated that 
BPPs constitute 60-80% of the stack weight and 30-40% of PEMFC stack cost [5].  In a recent 
study, Sinha et al. predicted that BPPs represent 13-28 % of total stack cost [6]. 
2.4.1. Material and Manufacturing options of BPPs 
Variety of materials has been proposed, however; no material meets all of the requirements 
concurrently so far [32,58-63].  Early BPPs were fabricated from machined graphite because its 
corrosion resistance in fuel cell operating environment and satisfactory electrical conductivity.  
However, their high material and manufacturing costs curtail competitiveness of the PEM fuel 
cells.  Hence, alternative BPP materials such as carbon-carbon and carbon-polymer composites 
were developed.  Their main disadvantages can be listed as relatively low electrical and thermal 
conductivity, limited operating temperature range and still moderately high material and 
manufacturing costs.   
Because of good electrical conductivity, low material cost, well-established manufacturing 
processes and superior mechanical properties, metallic BPPs have been considered as promising 
materials.  Various grades of stainless steels put forward as BPP material candidates due to their 
higher formability and corrosion resistance than that of other metallic candidates.  However, 
corrosive environment of harsh PEMFC working conditions and high interfacial contact 
resistance (ICR) are the main concerns about SS BPPs  [2,3,7-14,14-24]. 
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2.4.2. Problems with Metallic BPPs 
The major concerns with the use of stainless steel alloys as BPPs are their lower corrosion 
resistance than the desired values and high interfacial electrical resistance in challenging fuel cell 
environment under long operation conditions [2,3,8-14,14-24].  Stainless steel materials build a 
passive metal oxide layer on their surface, and this layer is beneficial to slow further corrosion 
attack to material.  This passive layer is typically has a semi-conductor characteristic, and does 
not demonstrate the good electrical conductivity levels that a bipolar plate has to [22].  Contact 
resistance, as closely correlated with corrosion, plays an important role in fuel cell performance.  
When the bipolar plate surface is passivated by corrosion, ohmic loses and current resistance 
generally increase in long run.  Metal ion dissolution by corrosion also can degrade performance 
of PEMFC via membrane electrode assembly (MEA) contamination [9,12,25-28].   In a regular 
PEMFC, multiple fuel cells are stacked together to provide sufficient power and voltage via 
bipolar plates which electrically connect adjacent cells.  This arrangement multiplies the ohmic 
power losses resulting from contact resistance between each gas diffusion layer (GDL) and BPP.  
Thus, contact resistance characteristics of BPP have significant effect on the overall PEMFC 
stack efficiency.  Makkus et al. reported that per additional 25mΩ-cm2 contact resistance results 
in a power loss in the order of 2-5% [27].  Carlson at al. estimated that the price of PEMFC 
would be three times higher if the stack resistance increases from 0.05Ω-cm2 to 0.2Ω-cm2 [30].  
Therefore, the desired performance level of the PEMFC significantly depends on low contact 
resistance between BPP and GDL.  In a way, contact resistance in fuel cells is like the friction in 
the internal combustion engines (ICEs) wasting the generated energy and leading to low 
efficiencies.  US Department of Energy (DOE) set the contact resistance goal for PEMFC 
applications as lower than 10mΩ-cm2 at 140 N/cm2 compaction pressure for year 2015 [29].  
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Researchers all over the world have been conducting investigations to overcome contact 
resistance issues by understanding the underlying mechanisms and bringing alternative solutions 
to the interactive effects of surface conditions, coatings, substrate materials, manufacturing and 
assembly on the electrical contact resistance and its consequences on the overall fuel cell 
performance and durability [2-7,22,27,30]. 
2.4.3. Studies on Bare Stainless Steel BPPs   
Metallic bipolar plates have been attracting attention because of their advantages over 
graphite and composite BPPs such as excellent bulk conductivity, high strength, high chemical 
stability, wide range of choice, ability for mass production and low cost.  Various grades of 
stainless steels put forward as BPP material candidates due to their higher formability and 
corrosion resistance than that of other metallic candidates.    
Hornung and Kappelt conducted one of the early studies on metallic BPP by investigating 
possible use of Fe based material as BPP in PEMFC [64].  Davies et al. investigated various 
stainless steels in terms of their contact resistance and corrosion resistance characteristics [65].  
They reported that stainless steel 316, 310 and 904L had satisfactory corrosion resistance as BPP 
materials.  Wang et al. tested corrosion resistance of different austenitic stainless in simulated 
fuel cell environment and compared their contact resistance behavior [14]. They found that 
increasing Cr content reduces ICR of stainless steels.  Kim et al. studied the effect of alloying 
element in various stainless steel families.  They reported the importance of Mo content beside 
Cr content in point of view ICR.  Kraytsberg et al. investigated effect of surface structure of SS 
316L on ICR [66].  They registered that high increasing roughness is beneficial to lower ICR 
between stainless steel BPP and GDL, unlikely conventional metal-metal electrical contacts.  In 
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another attempt by Andre et al., effects of roughness, bulk composition of the alloy, composition 
and structure of passive films, surface treatments and aging conditions on ICR were studied for 
316L and 904L stainless steel grades by Andre et al. [22].  In accordance with Kraytsberg et al. 
study, Andre et al. registered lower ICR with higher roughness on SS 316L and 904L. Bulk 
composition of alloy was found to have slight impact on ICR but passivation pre-treatment can 
deeply modify passive film and has a strong effect on ICR value.  Andre et al. noted that 
uncoated SS with proper low-cost chemical passivation can noticeably reduce ICR and become a 
moderate solution in between use of as-received SS material and precious coating.  It was also 
revealed that strain is destructive for the passive film integrity, so that BPP plates should be 
formed before any sort of surface treatment. 
2.4.4. Studies on Coated Stainless steel BPPs 
In order to exploit the stainless steel BPPs with sufficient corrosion resistance and contact 
conductivity at reasonable cost levels, metallic plates with protective coatings have been 
extensively studied.  [2,15,16,28,67-71]. Coatings for metallic bipolar plates can be categorized 
into two groups as carbon-based and metal-based coatings.  The carbon-based coatings include 
diamond-like carbon (DLC), conductive polymers and organic self-assembled monopolymers.  
Noble metals, metal nitrides and metal carbides are part of the metal-based coatings [2-4,24,34]. 
  Several coating methods such as physical vapor deposition (PVD) [72-76], chemical vapor 
deposition (CVD) [67,77], plasma coating [78], and surface nitriding [35,74,76,79-81] have been 
investigated to improve surface properties of the thin sheets of stainless steel alloys.  PVD 
coating of the metal nitrides have been widely preferred in literature to increase corrosion 
resistance and decrease contact resistance of the metallic BPPs [72-76].  Several studies reported 
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performance evaluation of different coatings such as  TiN [28,69-71,82-84], CrN 
[74,76,79,80,85-89] and ZrN [90,91] on stainless steel substrate materials.  Most of the 
literatures reported testing of bulk or unformed sheet materials instead of actual formed BPP 
samples.   
2.4.5. Relationship Between Manufacturing Process and Electrical 
Contact Behavior  
It is well known as reported in the literature that there is a direct interaction between bipolar 
plate surface condition and the ICR [66,92].  Hence, the manufacturing of BPPs is considered as 
an important factor since type and process parameters of manufacturing influence the surface 
conditions of BPPs.  Manufacturing process imposes the contact geometry which is effective on 
contact pressure, contact area and contact uniformity.  Matsuura et al. experimentally and 
numerically investigated the effect of compression of stamped BPP on GDL structure. They 
concluded that sufficient amount of contact was obtained between BPP and neighboring parts 
[93]. Also, they showed that excessive compression may lead serious damages on GDL.  Liu et 
al., on the other hand conducted a robust design analysis on fuel cell stack in order to investigate 
the effect of assembly parameters on the MEA pressure distribution [94].  Liu et al. used FEA 
and statistical simulation to investigate random dimensional error of BPP on GDL pressure 
distribution [95].  
Several production methods such as machining, stamping, die casting, investment casting, 
powder metal forging, electroforming, stretch forming, and hydroforming were proposed and 
investigated for fabrication of the metallic bipolar plates.  Among these, stamping and 
hydroforming are believed to be the most suitable approaches for mass production 
[3,8,9,31,32,96-104].  The outstanding advantages of the stamping method are its faster 
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production rate and cost competitiveness, while hydroforming has the ability of delivering good 
and consistent surface topology, uniform thickness distribution and tight dimensional tolerances 
[32].  Therefore, this study was focused on these two manufacturing methods. 
2.5. Introduction to Contact Resistance 
2.5.1. Electrical Resistance 
Ohm’s Law relates the potential difference, V (in volts), with the electrical resistance, R (in 
ohms i.e.), and the electrical current, I (in amps) as follows. 
𝑉 = 𝑅𝐼  (2-1) 
The resistance of a conductor can be calculated from its physical dimensions by 
R = L ρ 
𝐴
  (2-2) 
where L is the length of the conductor, A is its cross-sectional area, and 𝜌 is the specific 
resistance, or resistivity (Ω-cm). The resistivity is independent of specimen geometry. 
Sometimes, electrical conductivity is used to state the electrical character of a material. It is 
simply the reciprocal of the resistivity with unit of Siemens (S). 
𝜎 = 1
𝜌
  (2-3) 
2.5.2. Resistivity of materials  
Range of electrical resistivity in solid material extends 27 orders of magnitude [105].  This 
is the widest variation for any physical property. According to their resistivity materials are 
classified as conductors, semiconductors and insulators. 
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Figure 2-8 Resistivity of materials [britannica.com]. 
2.5.3. Theory of Electrical Conduction in Solid State Physics 
Electric current is a flow of electrically charged particles in reaction to forces from an 
electric field.  A current consists from the flow of electrons, which is called electronic 
conduction, within most solid. A motion of charged ions in an electrolyte, or both ions and 
electrons in a plasma can cause an electric current.  This type of current is called ionic 
conduction.   
Only electronic conduction exists in all conductors, semiconductors, and many insulator 
materials.  The magnitude of the electrical conductivity is mainly dependent on the number of 
electrons available to participate in the conduction process.  Nevertheless, not all the electrons in 
every atom are involves the conduction.  The arrangement of electron states are occupied by 
electron determines the number of electrons available for electrical conduction in a particular 
material and the conductivity of solid materials is explained with band structure of the electron in 
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quantum mechanics [106].  Since a thorough exploration of the topic is beyond this study, simple 
explanation of the topic was presented below. 
Band structure of a solid material is the arrangement of the outermost electron bands and the 
manner they are filled with electrons.  Four different types of band structures are possible at 
temperature of absolute zero as depicted in Figure. Electrons in valence band do not involve 
electrical conduction.  Electrons in conduction band can be accelerated by external electric field 
and cause current.  There are two possible band structures for conductor: valance and conduction 
bands overlap each other or electrons exist in conduction band.  However, in insulators, 
conduction and valance bands are separated by a large band gap.  This band gap is narrow for 
semiconductor and valance electrons can pass to conduction band with an external excitation like 
temperature.  
 
Figure 2-9 Schematic representation of band structure of electrons. 
 
2.5.4. Factors effecting resistivity 
There is no interaction between a moving electron and atoms in a perfect crystal lattice 
according to quantum mechanics.  However, imperfections in the crystal lattice, including 
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impurity atoms, vacancies, interstitial atoms, dislocations and even the thermal vibrations of the 
atoms themselves cause scattering of electrons [107,108].  These scattering events act like 
frictional forces and originate the resistivity. Increasing number of crystalline defects raises the 
resistivity. The intensity of these imperfections depends on temperature, composition, and the 
amount of cold work of a metal.   
Matthiessen’s rule represents the individual thermal, impurity and deformation resistivity 
contributions, respectively.  The influence of each variable on the resistivity is depicted in Figure 
2-10. 
ρtotal = ρ𝑡 + ρ𝑖 + ρ𝑑  (2-4) 
 
The resistivity for the pure metal and all the copper-nickel alloys rises linearly with 
temperature above about -200C due to increase in thermal vibrations and other lattice 
irregularities (e.g., vacancies), which acts as electron scattering centers. The temperature 
coefficient of resistivity, α, is an important material property as defined by the equation 
𝜌𝑇 = 𝜌 0(1 + αΔ𝑇).  (2-5) 
Where ρ0 is the resistivity at 20°C and ΔT is the temperature difference relative to 20°C. At 
cryogenic temperatures the resistivity is nonlinear and varies as ~T5 whereas at elevated 
temperatures α is constant. 
Alloying elements always increase the resistivity of the metal to which they are added. 
However, semiconductors and insulators become better conductor when alloyed.  The change in 
resistivity of copper with some elements is shown in Figure 2-12 [109].   
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According to Fuchs-Sonderheimer theory scattering of the electrons with the surfaces of thin 
films leads to increase of resistivity [110,111].  Mayadas and Shatzkes showed that a reduction 
of the grain size in thin films causes a substantial resistivity increase due to scattering with grain 
boundaries [112].  Two types of size effects in polycrystalline films, film thickness and grain 
size, affect the electrical resistivity. Due to surface scattering of the conduction electrons, 
resistivity increases as the layer thickness decreases. Grain boundary scattering is another 
contributor to the film resistivity and smaller grain size films show higher resistivity than larger 
grain size films.  Dependence of the grain size to film thickness makes the size effect very 
complex.  The size effect becomes more important when the film thickness, t, is comparable with 
the electron mean free path, l0.  Resistivity of thick films, where l0<t, is cited as  
ρ = ρ0 �1 + 38 l0t �  (2-6) 
where ρ0 is the resistivity of single crystal [113].In a recent study Sun et al. compared the 
significance of the film thickness and grain size on resistivity for various nanometric Cu films at 
temperature of 4.7 K and they concluded that grain size is more dominant than film thickness on 
resistivity [114].  Density and stress are also known as properties which affect the electrical 
properties of films [113,115]. 
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Figure 2-10 Contributors of resistivity in metals. 
 
 
Figure 2-11 Effect of temperature on resistivity. 
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Figure 2-12 Effect of alloying element and content on resistivity of copper [109]. 
 
 
Figure 2-13 Experimental results on the resistivity of tin foils at 3.8 ° K [111]. 
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2.5.5. Theory of Contact Resistance 
Theory of contact resistance between two solid bodies is well established.  It is well known 
that all solid surfaces are rough in micro scale.  Contact between two bodies occurs at discrete 
asperities on the two surfaces.  True contact area is a small fraction of nominal area, which is 
leading to a voltage drop across the interface, for wide range of clamping force.   
When a contact size is much larger than the mean free path of electrons, contact resistance is 
expressed by Holm equation (2-7) [116]: 
𝑅𝐻 = 𝜌2𝑟  (2-7) 
Here ρ is the bulk resistance and r is the contact radius for a circular contact.  When 
contacting bodies are two different materials, the equation becomes in equation (2-8): 
𝑅𝐻 = 𝜌1 +  𝜌24𝑟   (2-8) 
In this case ρ1 and ρ2 are bulk resistances of contacting bodies. 
Sharvin resistance, as expressed (2-9), is valid when the contact size is much smaller than 
the mean free path of electrons in material Sharvin [117]. 
𝑅𝑆ℎ = 4ρl𝑒3𝜋𝑟2  (2-9) 
Here le is the mean free path of electrons in material.   It is intuitively clear and 
experimentally supported that if contacting bodies are compressed to each other, the contact 
resistance decreases as pressure increases [118].   
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Figure 2-14 Schematic of constriction resistance. 
 
Significant amount of literature exist on the modeling of electrical contacting bodies and 
they are quite useful in understanding the electrical resistance between two contacting solid 
bodies.  On the other, in fuel cell, contact resistance generally occurs between solid and porous 
media. Recently, several microstructure based models have been proposed to explain the contact 
resistance between BPP and GDL [119,120].  While all these complex models are material and 
surface topography depended, a power function based on experimental data is quite useful to 
define relationship between compaction force and ICR [121]: 
𝑅 = 𝑎 · (𝑃)𝑏  (2-10) 
where, a and b are fitting parameters based on experiments and P is clamping pressure.  Zhou et 
al. presented some fitting values based on experimental works in literature [121]. 
Table 1 e P 
2r
37 
 
Table 2-2  Power function fitting coefficients of the contact electrical resistivity [121]. 
Contact interfaces a b Average error References 
GDL (10BA CP)/BPP (Graphite) 3.23 -0.484 4.7% [122] 
GDL (10BB CP)/BPP (Graphite) 3.61 -0.699 4.29% [122] 
GDL (10BB CP)/BPP (Graphite) 18.4 -1.08 5.13% [123] 
GDL (CP)/BPP (Carbon composite) 36.9 -0.148 2.78% [124] 
GDL/BPP (316L Bright annealed) 220 -1.01 0.26% [22] 
GDL (Toray CP)/BPP (316L) 222 -1.05 4.03% [14] 
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3. CHAPTER 3: Effect of Manufacturing Processes on Contact Resistance 
Characteristics of Metallic Bipolar Plates in PEM Fuel Cells1 
In this section, metallic bipolar plate (BPP) samples manufactured with stamping and 
hydroforming under different process conditions were tested for their electrical contact resistance 
(ICR) characteristics to reveal the effect of manufacturing type and conditions.  Punch speed and 
force in stamping, and pressure and pressure rate in hydroforming were selected as variable 
process parameters.  In addition, two different channel sizes were tested to expose the effect of 
BPP micro-channel geometry and its consequences on the contact resistance. As a general 
conclusion, stamped BPPs showed higher contact conductivity than the hydroformed BPPs.  
Moreover, pressure in hydroforming and geometry had significant effects on the contact 
resistance behavior of BPPs. Short term corrosion exposure was found to decrease the contact 
resistance of bipolar plates.  Results also indicated that contact resistance values of uncoated 
stainless steel BPPs are significantly higher than the respective target set by U.S. Department of 
Energy. Conforming to literature, proper coating or surface treatments are necessary to satisfy 
the requirements. 
Keywords: Contact resistance, metallic bipolar plates, PEMFC, stamping, hydroforming, 
micro-channel 
                                                 
1 The contents of this chapter have been published in International Journal of Hydrogen Energy Volume 36, 
Issue 19, September 2011, Pages 12370-12380. 
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3.1. Introduction  
Quite a few studies are available in the literature discussing the corrosion and contact 
mechanics of various BPP materials [3,21,23,33-35]. The effect of manufacturing process on the 
corrosion resistance of metallic BPPs were investigated previously [58,59].  Nonetheless, as far 
as the literature review made by authors is considered, there has not been any study dedicated to 
the effect of manufacturing processes on the electrical contact resistance of metallic bipolar 
plates.  Thus, this study aims to bring about a broader understanding of manufacturing effects 
(process, material, coating type, coating thickness, coating and manufacturing process sequence) 
on the BPP contact resistance.  This understanding is expected to help having a complete picture 
of the performance of the stainless steel bipolar plates manufactured through stamping and 
hydroforming. The next section describes the experimental methodology and conditions 
followed to test the contact resistance characteristics of various metallic alloys manufactured 
under different process conditions.  In the third section, results of experiments are presented and 
discussed, and it is followed by the fourth section where conclusions are withdrawn. 
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3.2. Experimental Methodology and Conditions 
3.2.1. Manufacturing of Bipolar Plate Samples 
In this study, SS304 and SS316L bipolar plates with micro-channels on them were 
manufactured using stamping and hydroforming methods.  Alloy compositions of materials 
presented in Table 2-1. Two different die geometry designs with parallel channels were 
employed to manufacture bipolar plate samples in both stamping and hydroforming.  Each die 
insert set (male and female inserts) was placed in the insert holders.  Both die inserts were used 
in stamping, while only female insert was needed in hydroforming.  The height of the micro-
channels on the die inserts were 750µm and 250µm for large and small inserts, respectively, as 
can be seen in Figure 3-1 along with the corresponding bipolar plates formed with these dies.  
An Instron Satec 5596-400HVL (Instron Corp., Norwood, MA, USA) mechanical testing 
system (MTS) was used to apply stamping force and maintain the punch speed in stamping while 
it was used to provide the clamping force during the hydroforming process.  The system along 
with hydroforming and stamping setups was depicted in Figure 3-2.  The pair of die inserts with 
750 µm channel and die holders set is also shown in Figure 3-3.   
Several manufacturing process parameters of interest, such as manufacturing method; punch 
speed and force in stamping; pressure and pressure rate in hydroforming; geometry, and BPP 
material, were tested to disclose their effects on the ICR.  Furthermore, BPPs that were initially 
exposed corrosion tests were subjected to ICR tests to investigate effect of short term corrosion 
on the ICR.   
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Table 3-1  Chemical composition of SS316L and SS304 (wt. %). 
 C Mn P S Si Cr Ni Mo Cu N Fe 
SS 304 0.067 1.09 0.026 - 0.58 18.47 8.44 0.05 0.09 0.026 Bal. 
SS 316L 0.021 1.48 0.033 0.001 0.43 16.20 10.03 2.06 0.43 0.04 Bal. 
  
Supplier’s Data (Browns Metals Co., Rancho Cucamonga, CA, USA) 
 
 
 
Figure 3-1  Photographs and sketches of two different bipolar plates and dies (BPP and its die 
with 250µm channel height are on the left side while same of that 750µm micro-channel height 
are given on the right side). 
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Figure 3-2 Equipment that used to form BPP samples. a) Instron Satec 5596-400HVL 
mechanical testing system, b) hydroforming and c) stamping setup. 
 
 
Figure 3-3 The pair of die inserts with 750 µm channel and die holders set. 
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Figure 3-4 A formed BPP sample right after the hydroforming process. 
 
 
Figure 3-5  Experimental variables and two different test sequences followed. 
3.2.2. Dimensional Measurements 
Dimensional measurements on the manufactured BPP samples were performed by using 
laser displacement sensor and stylus profiler.  Keyence LK-G37 (Keyence Corp. of America, 
Itasca, IL) laser displacement sensor with 0.05 µm vertical resolution combined with a motorized 
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stage (MM-4M-EX-140, National Aperture, Salem, NH, USA) was employed to measure 
channel heights on the BPP samples (Figure 3-6). Ambios XP-1 stylus profiler was also used to 
reveal detailed channel profile of the BPP samples (Figure 3-7).  Results of the measurements 
were summarized and related to ICR at next sections. 
 
Figure 3-6  Laser displacement sensor (Keyence G37) with motorized stage (National Aperture 
MM-4M-EX-140). 
 
 
Figure 3-7  Stylus profiler (Ambios XP1). 
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3.2.3. Surface Characterizations 
BPP surfaces were investigated with HIROX KH-7700 (HIROX-USA, NJ, USA) confocal 
optical microscope.  Surface roughness was also determined quantitatively by using Wyko 
NT1100 optical profiler (Veeco Instruments Inc., Tucson, AZ, USA).  Roughness data were 
taken from channel tips by scanning of 450.6µm x 600.8µm areas. JOEL JSM-5610 scanning 
electron microscope (SEM) and µSURF EXPLORER non-contact 3D surface measurement 
system were employed to examine GDL structure.  Surface characterization results with obtained 
images were presented in Section 3.3.2.   
3.2.4. Contact Area Measurements with Pressure Sensitive Film 
Contact areas of formed BPP samples were measured by using pressure sensitive film 
(Pressurex Super Low, Sensor Products, NJ, NJ, USA) to be able to calculate area specific 
contact resistance (ASR) which is commonly used in literature to compare BPP material for 
contact resistance performance.  Films were placed between BPP and GDL at both sides of BPP.  
Contact areas were imprinted on films during compression test in which compression forces used 
similar to use in ICR test. In BPPs with 750 µm channel height, hydroformed and stamped 
samples resulted similar contact areas (Figure 3-8).  However, contact areas cannot be measured 
on BPPs with 250 µm-channel due to very close features (Figure 3-9).  For 750 µm channel case, 
after compression test imprinted films were photographed by digital camera and scaled pictures, 
as shown in Figure 3-8, were analyzed by using Image J software to calculate contact areas on 
films based on ratio between imprinted and untouched areas [125].  This procedure was repeated 
for all compaction forces used ICR test and contact areas by compaction force were obtained as 
depicted in Figure 3-23 (Section 3.3.3.).  Area measurement procedure was confirmed by FEA 
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analysis with a good agreement between two methods.  Due to assumption of even pressure 
distribution on imprinted area and limited precision of pressure sensitive film and calculation 
procedure, this evaluation was considered as an approximation.  Therefore, ICR values of formed 
BPP samples were presented and compared in terms of total contact resistance (mΩ), 
independent from area, throughout the study, in general.   
 
 
Figure 3-8 Pressure sensitive films showing contact area on BPP formed with 750 µm channel 
height dies in ICR test. 
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Figure 3-9 Pressure sensitive films showing contact area on BPP formed with 250 µm channel 
height dies in ICR test. a) Front side b) backside of stamped BPP (with “low” grade film), c) 
front side and d) backside of Hydroformed (60 MPa) BPP (with “very low” grade film). 
 
 
Figure 3-10 Microscopy images of pressure sensitive films indicating contact area between 
BPPs formed with 750 µm-die and GDLs.  a) Upper side and b) backside of BPP. 
 
a) b)
c) d)
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Figure 3-11 Microscopy images of pressure sensitive films intended to measure contact area 
between BPPs formed with 250 µm-die and GDLs. 
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3.2.5. Contact Area Calculations with FEA 
Finite element analysis was used to simulate ICR test, and to obtain contact areas between 
BBPs and GDLs.  Because channel length is much larger compared to channel cross-section, plain 
strain condition was assumed and 2-d modeling with one channel was established based on 
measured channel profile geometries. BPPs and GDLs were modeled with 4-node quadrilateral, 
2-d solid plain-strain elements while current collectors were assumed as rigid bodies.  Total 
numbers of elements in model (current collectors, BPP and GDLs) was 1936.  Coulomb’s friction 
model with coefficient of friction of 0.1 was used between parts.  Material properties used in the 
simulations were presented in Table 3-2. Figure 3-12 shows the finite element model of ICR test. 
Table 3-2 Mechanical parameters used in simulations. 
 BPP GDL[126] 
Modulus of elasticity (GPa) 193 10 
Poisson’s ratio 0.3 0.09 
Density (kg/m3) 7500 1000 
Material model Power law, σ = 1058. ε0.28 Linear Elastic 
  
 
50 
 
 
Figure 3-12 Finite element model of ICR test. 
 
3.2.6. Interfacial Contact Resistance (ICR) Tests 
In general, two types of measurement methods are used to determine ICR between BPP and 
gas diffusion layer (GDL).  Ex-situ ICR measurement techniques allow users to approximate the 
contact resistance with relatively simple set-up and quickly.  On the other hand, in-situ methods 
were developed to obtain more realistic measurement from operating single fuel cells or fuel cell 
stacks, particularly for extended time [27,127].  In this study, the ex-situ method, which was 
proposed and developed by Davies et al. [65] and modified by Wang et al. afterward [14], was 
followed for measurement of ICR.  
Calibration measurements were needed to calculate ICR value between BPP and GDL.  As 
schematically represented in Figure 3-13a, in the first configuration, the measured total 
resistance (RT1) consists of bulk resistance of two current collectors (2RCC), two interfacial 
contact resistance (ICR) between current collector and GDL (2RCC/GDL), two bulk resistance of 
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GDL (RGDL), two interfacial contact resistance between GDL and BPP (RGDL/BPP), and bulk 
resistance of BPP (RBPP). The RT1 can be expressed as follows:    
RT1=2RCC+2RCC/GDL+2RGDL+2RGDL/BPP+RBPP     (3-1) 
In order to obtain RBPP/GDL term, an arrangement shown in Figure 3-13b was used. This 
configuration is consisted of bulk resistance of two current collectors (2RCC), two interfacial 
contact resistances between current collector and GDL (2RCC/GDL), and bulk resistance of GDL 
(RGDL). Thus RT2 can be given as: 
RT2=2RCC+2RCC/GDL+RGDL                  (3-2) 
By using (3-1) and (3-2), ICR between the BPP and the GDL can be calculated as follows: 
RBPP/GDL= 0.5 (RT1 - RT2 - RGDL - RBPP)          (3-3) 
Since bulk resistances of GDL and BPP are negligible [22,128], ICR between GDL and BPP 
can be found by subtracting RT2 from RT1 and equation converts to following form: 
RBPP/GDL= 0.5 (RT1 - RT2)       (3-4) 
Contact resistance values between the GDL and BPP samples (51µm thick, 316L and 304 
stainless steel blank sheets and formed BPP samples with 16 cm2 active area) were measured by 
using four-probe method.  A bipolar plate specimen was sandwiched in between two GDL and 
they were placed between the two gold coated copper current collectors.  Two Plexiglas plates 
used to electrically separate this group from testing system.  The arrangements were depicted 
schematically in Figure 3-13 and exploded actual picture is presented in Figure 3-14. 
Electromechanical material testing system (MTS Insight 30, MTS Systems Corp., Eden Prairie, 
MN, USA) was used to provide compressive force. A micro ohmmeter (Agilent 34420A, Agilent 
Technologies, Santa Clara, CA, USA) was employed to measure total electrical resistance of the 
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setup (Figure 3-15).  ICR of bipolar plates were measured and recorded in each step while 
applied force was elevated from 320 N to 4544 N with 384 N increments.  Three specimens were 
tested for each case to monitor the repeatability of the tests. 
Prior to tests, unformed (Blank), Hydroformed (Hf) and Stamped (St) BPP samples were 
degreased in ultrasound acetone bath during 30 minutes.  Corroded samples washed with pure 
water and degreased in acetone bath without ultrasonic cleaning. 
 
Figure 3-13  Two different component arrangements in a typical contact resistance test. 
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Figure 3-14 Elements of ICR test setup. 1- Plexiglas insulators, 2- gold plated copper current 
collectors, 3- carbon paper GDLs, 4- BPP sample, 5- alignment pins to keep together the setup.  
 
 
Figure 3-15 Mechanical testing system (MTS) and multimeter that used in ICR tests.  Onset 
picture shows ICR setup between anvils of MTS. 
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3.2.7. Exposing Samples to PEMFC Conditions 
In order to disclose effect of exposing PEMFC operating conditions on ICR of samples, 
contact resistance tests applied samples which previously subjected corrosion test.  Two types of 
electrochemical tests, a potentiodynamic and a potentiostatic, were conducted to investigate the 
corrosion resistance of various BPP samples.  H2 and O2 gases bubbled into test cell to simulate 
anodic and cathodic environments, respectively. 0.5M H2SO4 solution was used as the working 
electrolyte and the corrosion tests conducted in an electrical furnace at 80°C in order to simulate 
the PEMFC working conditions.  The potentiodynamic experiments were performed in the 
potential range of -1.2 to 0.8V at a rate of 1 mV/s with respect to the reference electrode which is 
equivalent to standard hydrogen electrode (SHE) in the potential range of -1 to 1V. Tafel 
extrapolating analysis method including the intersection of two anodic and cathodic tangent lines 
was used to obtain corrosion current densities. The upper and lower limits (larger range) of the 
experiment were selected to include the anodic and cathodic transition potentials with an 
adequate offset for extrapolation. 0.6 V was also vs. reference electrode for cathodic condition 
with the oxygen purging.  On the other hand, constant potentials of 0.6V, and -0.1V were applied 
during the 3 hour long potentiostatic experiments for O2, and H2 purges, correspondingly. 
Detailed explanation of the corrosion tests can be found in an earlier work [59]. 
3.2.8. Statistical Analysis 
To investigate effect of the material, manufacturing process, process parameters and die 
feature size on ICR statistically; analysis of variance (ANOVA) tests were performed.  Statistical 
significance of findings was presented in the next section along with ICR test results.   
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3.3. Results and Discussion  
3.3.1. Dimensional Measurement Results 
Average channel heights of manufactured BPPs were presented in Figure 3-16.  All values 
represent average channel heights of three samples for each case. Increasing force in stamping 
and pressure in hydroforming processes resulted in increased channel heights. On the other hand, 
channel formability of bipolar plates was considerably less with respect to die channel geometry 
in use of both die with different channel heights. 
Comparative profiles of channels obtained with contact type profiler (Ambios XP-1, Ambios 
Tech., CA, USA) were illustrated in Figure 3-17. The surface profile data obtained from profiler 
was analyzed with commercially available CAD software and channel tip radii were calculated 
as illustrated in Figure 3-18.  Geometries of channel tips at both sides of the samples were point 
of interest as these sections were in contact with GDL and had significant effect on contact 
resistance values.  It is observed that the channel radii for the plates formed with 250µm-die have 
significantly lower than with that of 750µm-die. BPP samples manufactured with 750 µm-die 
had more linear land area at channel valley (i.e. back side channel tip) and round section at the 
front side tip because of die design. However, upper and lower 250µm-dies had symmetric shape 
and resulted round tip at both side of the tip.  BPPs stamped with 250µm-die had symmetric 
shape. Their tips measured and presented only for front side.  On the other hand, hydroformed 
BPP samples in 250µm-die case had different geometry for front and back side; thus, their tip 
forms evaluated for both size. 
Numerous studies have been conducted on optimum channel geometries in PEMFC from 
fuel distribution, water removal capability, operating conditions and manufacturing aspects. 
Kumar and Reddy, suggested in their studies that the optimum channel width, land width and 
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channel depth values as 1.5, 0.5 and 1.5 mm, respectively in order to maximize fuel 
consumption [129].  Scholta et al. investigated the effect of geometry on performance using 
computational fluid dynamics (CFD) software [130].  They reported that channel depth of more 
than 1.5 mm for a parallel flow field resulted in  significant amount of unused oxygen; and a rib 
width of over 2 mm significantly decreased oxygen concentration across the rib.   Experiments in 
their study showed that channel and rib widths between 0.7 and 1 mm were the optimum values.  
They also concluded that smaller channel dimensions were preferable for high current densities, 
whereas wider dimensions were better at low current densities.  Cho and Mench experimentally 
investigated the effect of land to channel ratio and micro-porous structure of GDL on evaporative 
water removal properties [131].  They reported that land to channel ratio of greater than 0.52 was 
effective on minimum liquid saturation level of GDL and larger land to channel ratio increase the 
effective irreducible saturation due to the increase of immobile water under the land.     Peng et 
al. took into account formability, in addition to reaction performance and they found that 
optimum dimension values for channel depth, channel width, rib width and transition radius are 
0.5, 1.0, 1.6 and 0.5 mm, respectively [101]. The channel dimensions of BPP obtained by using 
750 µm channel die in this study were found to be compatible with the abovementioned 
literature.  Smaller feature size BPPs (formed by using 250 µm channel die) were included to the 
study to investigate effect of feature size on ICR. 
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Figure 3-16  Average channel heights of BPP samples. 
 
 
Figure 3-17  Representative channel profiles of formed BPP samples.(a) Stamped with 750 µm 
die, b)- Hydroformed with 750µm -die, c) Stamped with 250µm -die, d)-Hydroformed with 
250µm -die.)  (Height to width ratios are not to scale.)  
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a) 
 
 
b) 
 
 
c) 
 
Figure 3-18  Channel profiles and tip radii of manufactured BPP samples with (a) 750µm -die, 
(b) 250µm -die and c) 250µm -die (backside of hydroformed samples). 
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3.3.2. Surface Characterization Results 
Surface morphology evolution of BPP due to forming process was portrayed in Figure 3-19. 
Also, surface roughness values of unformed blank samples and BPPs formed with various 
manufacturing conditions were reported in Figure 3-20.  Roughness of uncoated blanks was 
almost one order of magnitude lower than that of formed samples while BPP samples with 
different forming parameters showed comparable values.  Although forming process drastically 
increased roughness values, further strain (i.e. more stamping force or hydroforming pressure) 
slightly decreased roughness three out four cases as shown in Figure 3-20. 
Surface roughening due to plastic forming can be induced by intrinsic and/or extrinsic 
effects. Microstructure dynamics of bulk plasticity induced intrinsic defects. On the other hand 
extrinsic defects are results of external effects such as mechanical contacts of tools and friction 
[183].   In the case of this study, roughening occurred mainly intrinsically yet die-sheet material 
contact occurred at the other side of channel tips.   The most effective factors on roughening 
behavior were reported in literature as strain, grain size and texture whereas the roughness 
increase was irrespective of the stress state [189,190]. 
GDL structure was investigated by means of both SEM and non-contact 3D surface 
measurement system.  In Figure 3-21, SEM images shows undamaged areas and damaged areas 
under excessive compaction force on GDL.  This result was in a good agreement with the study 
by Matsuura et al. [93]. They used quite similar GDL (Toray TGP-H-090,280 µm thick) to GDL 
was used in this study (Toray TGP-H-060, 190 µm thick) and they concluded that compressive 
displacement more than 100 µm may damage GDL.  Non-contact 3D surface measurements 
show effect of compression on GDL as shown in Figure 3-22.  Carbon fibers came closer to each 
other and pore volume of the structure was decreased for compressed GDL  
60 
 
 
Figure 3-19 Optical images of a) unformed blank and b) channel tip of formed BPP. 
 
 
Figure 3-20 Surface roughness values of blank and some formed samples. 
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Figure 3-21 SEM images of the GDL. In picture a) white ellipses indicate damages on GDL due 
to excessive compression pressure. b) Non-damaged and, c) damaged area with high 
magnification.  
 
 
Figure 3-22 Non-contact 3D surface measurement system images of GDLs a) before b) after ICR 
test (taken by µsurf explorer at Nanofocus Inc., Glen Allen, VA, USA). 
 
a) b)
c)
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3.3.3. Contact Area Measurement Results with Pressure Sensitive Films 
Contact areas between BPP and GDL with increasing compaction force were measured by 
using the procedure explained in Section 3.2.4. Figure 3-23 shows the results for stamped BPPs 
by using 750 µm-die and 200 kN stamping force. Contact areas increased with increasing 
compaction pressure due to deformation of GDL and BPP.  Initial rapid increase of contact area 
became stabilized increase by compaction force most likely because of compaction of fibers in 
GDL.  Area specific contact resistances of the formed BPP given in next sections were calculated 
based on this data.  
 
 
Figure 3-23 Contact area change by compaction pressure for BPP formed with 750 µm die. 
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simulation results for 750 µm channel hydroformed and stamped BPPs, and Figure 3-29 shows 
calculated contact areas for these cases.  In 250 µm channel cases, contact areas strongly 
depended on hydroforming pressure or stamping pressure.  Increasing hydroforming pressure or 
stamping force in forming processes reduced contact areas in ICR test significantly. Contact area 
reduced from 15.9 to 6.7 cm2 for increasing hydroforming pressure from 20 to 60 MPa in 
hydroforming, and contact area reduced from 12.8 to 7.9 cm2for with increasing stamping force 
from 100 to 300 kN in stamping.   However, in 750 µm case contact area stayed between 6.4 and 
8.5 cm2 for all hydroforming pressures and stamping forces.  Especially in stamping, almost no 
correlation was observed between stamping force and contact area.  Contact area differences 
between two different channel sizes can mainly be attributed to size effect.  While thickness of 
GDL was the same for both (250 and 750 µm channels) cases, cross-section of BPPs was 
changed by almost three folds.  Another reason for contact area differences between 
hydroforming and stamping could be different deformation patterns.  In hydroforming, channels 
form freely under the effect of pressure while channel tips mainly conform to tips on the dies in 
stamping.  Increasing hydroforming pressure produced smaller radii at the contact tips of the 
samples.   
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Figure 3-24 FEA results of ICR test for BPPs formed by using a) 20, b) 40 and c) 60 MPa 
hydroforming pressures with 250 µm-channel die. 
 
 
Figure 3-25 FEA results of ICR test for BPPs formed by using a) 100, b) 200 and c) 300 kN 
stamping force with 250 µm-channel die. 
 
 
Figure 3-26 Average contact area between GDLs and BPPs formed with 250 µm-channel die. 
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Figure 3-27 FEA results of ICR test for BPPs formed by using a) 20, b) 40 and c) 60 MPa 
hydroforming pressures with 750 µm-channel die. 
 
 
Figure 3-28 FEA results of ICR test for BPPs formed by using a) 100, b) 200 and c) 300 kN 
stamping force with 250 µm-channel die. 
 
 
Figure 3-29 Average contact area between GDLs and BPPs formed with 750 µm-channel die. 
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3.3.5. Contact Resistance Measurements 
Area specific contact resistance (ASR)evolution by compressive force between SS 304 and 
SS 316L blank samples and carbon paper GDL (Toray TGP-H 60, Toray Corp., Tokyo, Japan) 
were presented in Figure 3-30.  Total contact resistance by compaction force for some 
representative BPP samples was presented in Figure 3-31. ASRs were compared in Figure 3-32 
for a stamped, hydroformed and blank sample of SS316L.  ASRs for formed BPP samples were 
calculated as explained in Section 3.2.4. and only common pressure intervals for formed and 
unformed samples were included in the Figure 3-32.  As expected, an exponential decrease in 
ICR was observed with increasing compaction force due to increasing real contact area between 
GDL and BPP surfaces.    Bar graphs were used to compare ICR values of different samples at 
2240 N compaction force, corresponding 140 N/cm2 compaction pressure for 16 cm2 active areas 
of BPP samples used in this study in next sections. 
 
Figure 3-30 Area specific contact resistance with compaction pressure for blank samples. 
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Figure 3-31  Variation of contact resistance with compaction force. 
 
 
Figure 3-32 Area specific contact resistance of SS 316L blank, hydroformed and stamped 
samples. (200kN and 1mm/s for stamping; 40MPa and 1MPa/s for hydroforming and 750µm-die 
for both) 
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3.3.6. Effect of BPP materials 
Two BPP materials, namely SS 316L and SS 304, were compared in terms of ICR values.  It 
was observed that SS 304 showed lower ICR (average of 17.4 mΩ) compared to SS 316L 
(average of 21.25 mΩ) in each case of stamped samples.  ANOVA test confirmed that ICR value 
differences in stamping were statistically significant (p=0 for α =0.05).  However, in 
hydroforming, effect of these two BPP materials on ICR was found statistically insignificant 
(p=0.285 for α=0.05) for average values of 20.94 mΩ in SS304 and 19.31 mΩ in SS316L.  In 
literature, better corrosion resistance was reported for SS 316L [23,59]. Therefore, the 
experiments in next steps were performed only with SS 316L material.      
3.3.7.  Effect of Process and Process Parameters 
As depicted in Figure 3-33a, stamped BPPs exhibited higher ICR values (mean value of 
21.25 mΩ) than that of hydroformed BPPs (mean value of 18.38 mΩ) for the channel geometry 
of 750 µm channel die (p=0 for α=0.05).  In this case, process parameters such as stamping force 
and speed; hydroforming pressure and pressure rate, did not significantly affect the resultant ICR 
values.  However, for the channel geometry of 250 µm channel-die case, notably decreasing ICR 
(from 56.63 to 29.31 mΩ) values were observed with increasing hydroforming pressure (from 20 
to 60 MPa) in hydroforming (Figure 3-33b) while various pressure rate in hydroforming as well 
as stamping force and punch speed in stamping process resulted in insignificant differences for 
ICR values.  This discrepancy can be attributed to different deformation patterns for stamping 
and hydroforming.  In stamping, channel tips mainly conform to tips on the dies while upside 
channels form freely under the effect of pressure in hydroforming (Figure 3-17).  Increasing 
hydroforming pressure produced smaller radii at the contact tips of the samples (Figure 3-18).  
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According to Hertzian Contact Theory, smaller contact radius provides higher contact stress on 
contact area of BBP and GDL.  Therefore, this increased contact stress and possible deeper 
penetration of BPP contact tips toward GDL provided by smaller contact radii may explain 
reduced ICR with increasing hydroforming pressure.  Decreasing trend of ICR and BPP channel 
tip radii with increasing stamping force and hydroforming pressure can easily be observed in 
Figure 3-34.  However, all the ICR values obtained were much higher than desired goal set by 
DOE.    
Due to the numerous approaches of measuring the ICR various experimental conditions, 
inconsistent values of ICR of given material have been reported in literature [3].  Most literature 
studies presented ICR values for flat coupons whereas focus was on formed BPP samples in 
present study.  Also researchers involved surface modification before conducting ICR test while 
any surface preparation, other than cleaning, were not employed this study.  In the light of these 
differences, ICR values of the present study for unformed samples were higher than ICR values 
reported in literature as presented Table 3-3.   
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Table 3-3  Some ICR values reported on SS304, SS316 and SS316L. 
Material ICR (mΩ-cm2) 
Compaction 
Pressure 
(N/cm2) 
Before/After 
Corrosion Reference 
SS 304 51 220 Before [65] 
SS 304 140 140 Before [26] 
SS 316 37 220 Before [65] 
SS 316 44 220 After [65] 
SS 316 200 140 Before [14] 
SS 316 320 140 After [14] 
SS 316L 160 140 Before [22] 
SS 304 2929 140 After This study 
SS 304 232 140 After This study 
SS 316L 1244 140 Before This study 
SS 316L 238 140 After This study 
 
3.3.8. Effect of Die Feature Size 
BPPs formed with two different channel geometries were compared to investigate the size 
effect on contact resistance behavior.  The first group of BPP samples was manufactured with a 
die set which had 750 µm-die channel height and 1500 µm channel pitch whereas in the second 
group, a geometry of 250 µm channel height and 605 µm channel pitch were chosen for the die 
set to produce the BBP samples as given in Figure 3-1.  BPP samples formed with 250 µm 
channel die resulted in higher contact resistance (min. 27.56 mΩ; max. 56.63 mΩ) than that of 
750  µm channel (min. 17.75 mΩ; max. 22.44 mΩ) die for both hydroforming and stamping 
process.  There were 26 and 65 channels on BPP plates samples manufactured with 750µm-die 
and 250µm-die, respectively.  It is assumed that total clamping force distributed among the 
channels uniformly.  Therefore, BPP plates manufactured with 750µm -die had more contact 
force on each channel tips compared to that of BPP samples manufactured with 250µm-die. ICR 
discrepancy between two different samples can be explained by the force difference on the 
individual channels.  Increasing hydroforming pressure had lowered the ICR where 250µm-die 
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used. In contrast, any significant ICR trend was not registered by changing manufacturing 
parameters in stamping of both cases, and also for hydroforming of 750µm-die case.  ASR 
graphs by compaction pressure based on calculated areas confirm this explanation as shown in 
Figure 3-35Figure 3-36. These findings indicate that BBP feature size has significant effect on 
ICR due to the fact that it directly alters the contact area. 
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a) 
 
 
b) 
Figure 3-33 Interfacial contact resistance values at 2240 N compaction force for BBP samples 
manufactured with (a) 750µm-die and (b) 250-µm-die. 
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a)  
 
 
 
b) 
Figure 3-34  Variations of ICR with channel tip radii (a) stamped (b) hydroformed BPP samples 
(250µm -die). 
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Figure 3-35 ASR of SS 316L BBP with 750 µm channels by compaction pressure (Contact areas 
were calculated by FEA model). 
 
Figure 3-36 ASR of SS 316L BBP with 250 µm channels by compaction pressure (Contact areas 
were calculated by using FEA model). 
 
  
0
20
40
60
80
100
120
140
160
200 250 300 350 400
AS
R
 (m
Ω
-c
m
2 )
Compaction Pressure (N/cm2)
Hf-20MPa
Hf-40MPa
Hf-60MPa
St-100kN
St-200kN
St-300kN
0
200
400
600
800
0 50 100 150 200 250 300 350
AS
R
 (m
Ω
-c
m
2 )
Compaction Pressure (N/cm2)
Hf-20MPa
Hf-40MPa
Hf-60MPa
St-100kN
St-200kN
St-300kN
75 
 
3.3.9. Effect of Roughness on Contact resistance 
 Relationship between the ICR and the roughness of SS 316L blank and BPPs 
were investigated.  As shown in Figure 3-37 increasing roughness decreased ICR in general.  
This result agreed the study by Kraytsberg et al.  They showed that the surface roughness 
significantly affects the ICR [66].  The rougher surface showed lower ICR value than the finer 
one due to the difference in the real contact area between GDL and BPP.  
 
Figure 3-37 Comparison of ICR and roughness for SS316 blank and various BPPs. 
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studies in the literature investigated polished samples, and reported increasing ICR with 
increasing corrosion test duration.  However, Andre examined the evolution of the ICR with 
aging time in a synthetic fuel cell (resting conditions) environment and they registered similar 
behavior with the present study [132].   
Table 3-4  Effect of corrosion test on ICR for hydroformed SS 304 BPP samples (750µm-die). 
Manufacturing Conditions 
Hydroforming Pressure (MPa)  20 40 60 
Pressure Rate (MPa/s) 0.1 1.0 0.1 1.0 0.1 1.0 
ICR at 2240 N 
(mΩ) 
Uncorroded 23 23 17 19 23 21 
Corroded in PDHa 8 11 5 9 10 10 
Corroded in PDOb 7 5 12 10 14 7 
Corroded in PSHc N/A 11 N/A 6 N/A 12 
Corroded in PSOd N/A 12 N/A 5 N/A N/A 
 
 
a: Potentiodynamic test with H2 bubbling during 40 minutes. 
b: Potentiodynamic test with O2 bubbling during 40 minutes. 
c: Potentiostatic test with H2 bubbling during 3 hours. 
d: Potentiostatic test with O2 bubbling during 3 hours.  
 
Table 3-5   Effect of corrosion test on ICR for hydroformed SS316L BPP samples (750µm-die). 
Manufacturing Conditions 
Stamping Force  (kN) 100 200 300 
Punch Speed      (mm/s) 0.1 1.0 0.1 0.1 0.1 1.0 
ICR at 2240 N 
(mΩ) 
Uncorroded 21 21 22 22 20 22 
Corroded in PDHa 10 6 7 5 3 6 
Corroded in PDOb 7 N/A 5 7 N/A 8 
Corroded in PSHc N/A 8 N/A 3 8 8 
Corroded in PSOd N/A 8 N/A 9 N/A 7 
 
 
a: Potentiodynamic test with H2 bubbling during 40 minutes. 
b: Potentiodynamic test with O2 bubbling during 40 minutes. 
c: Potentiostatic test with H2 bubbling during 3 hours. 
d: Potentiostatic test with O2 bubbling during 3 hours.   
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3.4. Summary and Conclusions  
Stainless steel BPP samples were manufactured with two different processes, namely 
stamping and hydroforming, under various process conditions, and then were subjected ICR 
tests.  In general, stamped BPP samples demonstrated higher conductivity (i.e. low ICR) than the 
hydroformed BPP samples. It is concluded that manufacturing methods and their parameters are 
significantly effective on ICR performance of metallic BPP since they determine the geometry 
and surface condition of BPPs which is effective on ICR. Increasing maximum pressure levels in 
hydroforming resulted in decreasing ICR values. In addition, BPP samples produced with larger 
channel size die (750µm-die) exhibited lower ICR than the BPPs with smaller channel size 
(250µm-die).  It is verified that the geometry of the forming dies are also effective in ICR values. 
Short term electrochemical corrosion tests decreased ICR values of the BPP samples.  
Nevertheless, all ICR values registered during experiments were distinctly higher than DOE 
target.  Thus, it can be concluded that properly chosen coatings on stainless steel alloys are 
necessary to meet the ICR performance target as noted by several other researchers.  Upcoming 
study by authors will investigate the effect of manufacturing process on coated BPP samples 
with different coating types and thickness on the ICR of BPP. 
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4. CHAPTER 4: Contact Resistance Characteristics of Coated Metallic Bipolar 
Plates for PEM Fuel Cells- Investigations on the Effect of Manufacturing 1 
This chapter aimed for understanding the effects of hard coatings used in bipolar plates 
(BPP) on the contact resistance characteristics of BPP. To this goal, 51 µm-thick SS316L 
stainless steel sheet blanks were formed into BPPs using two forming techniques (stamping and 
hydroforming); then formed plates were coated with three different PVD coatings (CrN, TiN, 
ZrN) at three different coating thicknesses (0.1, 0.5 and 1μm).  Contact resistance of the formed 
and coated BPP samples were measured before and after those were exposed to the polymer 
electrolyte membrane fuel cells (PEMFC) operating conditions.   Interfacial contact resistance 
(ICR) tests indicated that CrN coating increased the contact resistance of the samples, 
unexpectedly.  TiN samples showed the best performance in terms of low ICR; however, their 
ICR dramatically increased after short term exposure to corrosion.  ZrN coating also improved 
conductivity of the SS316L BPP samples and those demonstrated similar ICR performance 
before and after corrosion exposure.  
                                                 
1 The contents of this chapter are under review for publication in International Journal of Hydrogen Energy with 
manuscript number of HE-D-11-03241. 
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4.1. Introduction 
In Chapter 3, effect of these two manufacturing methods on ICR of uncoated metallic BPPs 
was investigated [133].  It was concluded that manufacturing process, process conditions and die 
geometry affect the ICR to different extents.  Moreover, contact resistance of uncoated BPP did 
not satisfy ICR targets, hence properly chosen or developed coatings on stainless steel alloys are 
needed to improve ICR performance.  The objective of this part of the study was set to 
investigate and reveal the possible effect of these two manufacturing processes on the contact 
resistance behavior of coated and formed stainless steel BPPs.  
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4.2. Experimental Methodology and Conditions 
4.2.1. Manufacturing and Coating of Bipolar Plates 
SS 316L bipolar plate samples with three different PVD metal nitride coatings, namely 
titanium nitride (TiN), chromium nitride (CrN), zirconium nitride (ZrN), at three different 
coating thicknesses, 0.1,  0.5 and 1 μm, were tested and compared in terms of their ICR.  To 
begin with, BPP samples were shaped into micro-channels using both stamping and 
hydroforming. Formed plates, then, were outsourced for PVD coating (Tanury Industries Co., 
Lincoln, RI).    Lastly, ICR tests were conducted on formed and coated BPPs as well as 
unformed blanks with similar coatings. Three samples were used in each case to address the 
repeatability of test results.   
In forming of bipolar plates using hydroforming and stamping processes, pre-determined 
process parameters from previous studies were 40 MPa hydroforming pressure with 1 MPa/s rate 
in hydroforming, and 200 kN stamping force with 1 mm/s punch speed [32,133].  Necessary 
sheet sizes for forming process were 70x70 mm in stamping and 150x150 mm in hydroforming 
while formed (micro-channeled) areas were limited to 40x40 mm in both processes.  Two 
different die geometries with micro-channel dimensions of 250 and 750 µm in height were used 
in both forming methods to investigate effect of feature size.  Some of the formed BPPs are 
shown in Figure 4-1. Detailed description of the forming processes benefited was presented at 
Chapter 3 and also can be found elsewhere in literature [60,133]. 
PVD coating process parameters are listed in Table 1.  Detailed information on the coating 
process can be found in a study by Yoon et al. [90].  Surface roughness of the samples was 
measured by using Wyko NT1100 optical profiler (Veeco Instruments Inc., Tucson, AZ, USA).  
Surface morphology and cross-sections of coated samples were investigated by using Hitachi 
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SU-70 scanning electron microscope (SEM) equipped with EDAX energy dispersive X-ray 
spectroscopy system (EDX). 
4.2.2. Interfacial Contact Resistance (ICR) Tests 
Contact resistance of BPPs was measured by a method established by Wang [28].  Test 
setup and detailed procedure was explained in Section 3.2.5.   Three specimens were tested for 
each case to monitor the repeatability of the tests.  Uncoated samples were subjected to 
ultrasonic cleaning for 30 minutes in acetone bath while coated ones were tested as received.  To 
reveal the effect of PEMFC corrosive conditions on ICR of BPP samples, ICR tests were 
conducted before and after corrosion tests.   
In contact resistance calculation, real contact areas of BPP samples were measured by using 
pressure sensitive film (Pressurex Super Low, Sensor Products, NJ, USA).  As explained in 
Section 3.2.4., films were placed between BPP and GDL at the both sides of BPP.  As the 
sandwiched BPP is compressed, the peaks of micro-channels were imprinted on films.  These 
imprints then were analyzed by using Image J software to calculate real contact areas on 
films [125].  
4.2.3. Exposing BPPs to corrosive conditions 
To disclose the effect of the PEMFC operating conditions on ICR, BPP samples were 
subjected to corrosion tests first. Potentiodynamic electrochemical corrosion test were employed 
in 0.5 M H2SO4 solution as the working electrolyte at 80°C with oxygen bubbling to simulate 
cathodic conditions of PEMFC.  Potential range was changed between -1.2 V and 0.8 V with 
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respect to standard hydrogen electrode (SHE) at a rate of 1 mV/s.  Detailed explanation of the 
corrosion test applied and their results can be found in earlier works [59,134].  
Table 4-1 Chemical composition of SS316L (Browns Metals Co., Rancho Cucamonga, CA, 
USA). 
C Mn P S Si Cr Ni Mo Cu N Fe 
0.021 1.48 0.033 0.001 0.43 16.20 10.03 2.06 0.43 0.04 Bal 
  
Table 4-2  Coating conditions (provided by Tanury Industries). 
Run# Coating Thickness Temperature Deposition 
Time 
Deposition 
Current 
Bias 
Voltage 
Nitrogen 
flow rate 
Argon 
flow 
rate 
Pressure 
  (µm) (°C) (mins) (A) (V) (sccm) (sccm) (m Torr) 
1 TiN 0.1 60  6  450  75  500 800 5 
2 TiN 0.5 60  38  450  75  500 800 5 
3 TiN 1 60  75  450  75  500 800 5 
4 CrN 0.1 60  2  450  75  500 800 5 
5 CrN 0.5 60  4  450  75  500 800 5 
6 CrN 1 60  8  450  75  500 800 5 
7 ZrN 0.1 60  2  450  75  500 800 5 
8 ZrN 0.5 60  8  450  75  500 800 5 
9 ZrN 1 60  16  450  75  500 800 5 
 
 
4.3. Results 
Effect of certain process parameters such as coating type, thickness, as well as corrosion 
exposure on both blank and formed BPP samples will be reviewed in detail in following sub-
sections.    
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4.3.1. Appearance, SEM and EDX Investigation Results 
Examples of “formed and coated BPP samples” used in this study are presented in Figure 
4-1.  BPP samples with 1 and 0.5 µm coating thickness showed very similar color while 0.1 µm 
thick coated samples exhibited slightly lighter color compared to their thicker counterparts.  
Colors of the BPP samples correspond their respective stoichiometric colors as reported in the 
literature as TiN coated samples with golden, CrN coated samples with silver-gray and ZrN 
coated samples with light-yellow colors were observed.    Colors of reactively deposited coatings 
depend on stoichiometry [107,135-143].  Cheng at al. reported that only stoichiometric TiN 
exhibited golden color while lower N leaded light-yellow [107].  In addition, Johansson et al. 
revealed reddish-brown for TiN as amount of N was increased [138].  Benia et al., Liu and Yang, 
and Carvalho et al. observed metallic-gray for low N ZrN, semi-transparent brownish for high N 
flows and golden-yellow for stoichiometric ZrN compound [136,142,143].    
Polished cross-sections of the 1 µm thick TiN coated samples are shown in Figure 4-2. 
Surface morphology of BPP samples appears in Figure 4-3.  Pin holes (black dots in the pictures) 
and macro-defects (as white dots) with various densities can be seen on the all samples. It was 
observed that CrN coated plates have less number of pinholes and macro-defects while relatively 
higher number of these defects were available on TiN coated samples.  Dimensions and number 
of defects increase with increasing coating thicknesses.  Many studies showed that although 
reducing amount of pinholes and macro-defects is possible, totally eliminating them almost 
impossible in PVD coating techniques [144,145].  
EDX analysis was also conducted on coated samples to obtain elemental information on 
different regions of the samples.  Figure 4-4 shows the comparison of regular smooth areas to a 
macro-defect and a pitting zone for 1 µm-thick ZrN coated sample.  Similar comparison is 
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shown in Figure 4-5 for 1 µm-thick TiN coated sample.   EDX analyses on macro-defects 
(Figure 4-4.b and Figure 4-5.c) confirmed the high concentration of coating metals (Zr or Ti) 
while measurements on pinhole or pitting zones (Figure 4-4.c, Figure 4-5.b) yielded lower 
percentage coating material compared to regular area, as expected. 
 
Figure 4-1 Examples to SS316L BPPs coated with different coatings and formed at different 
feature sizes: a) 1 μm ZrN, b) 1 μm CrN, c) 1 μm TiN, d) 0.1 μm ZrN and e) 0.1 μm TiN coated 
BPP. 
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Figure 4-2 Cross-section SEM pictures of BPP substrate material with 1µm-thick TiN coating  
showing a) whole-width cross-section of substrate and coating layers at two side,  b) higher 
magnification at one side. 
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Figure 4-3 SEM images of some BPP samples with a) 0.1 µm CrN, b) 1 µm CrN, c) 0.1 µm TiN, 
d) 1 µm TiN, e) 0.1 µm ZrN and f) 1 µm ZrN coating. 
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Figure 4-4 SEM images and EDX results for 1µm-thick ZrN coated samples showing a) regular 
smooth area, b) macro-defect and c) pitting region.  
 
 
Figure 4-5 SEM images and EDX results for 1µm-thick TiN coated samples showing a)regular 
smooth area b) pinhole and c) macro-defect. 
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4.3.2. Surface Roughness Results 
To reveal a possible relationship with ICR, surface roughness values of the BPP samples 
were measured and reported in Figure 4-6.    Roughness measurements were taken from channel 
tips, which are typically in contact with gas diffusion layer (GDL) in PEMFC.  Average 
roughness (Ra) of uncoated and 1 µm-thick ZrN coated blanks was almost one order of 
magnitude lower than that of formed counterparts.  Stamped samples showed slightly higher 
roughness than hydroformed samples, 1.72 µm and 1.76 µm respectively, in uncoated case.  On 
the other hand, this discrepancy markedly increased in 1µm-thick ZrN coated case with 2.39 and 
3.51 µm for hydroforming and stamping, respectively.  
   Surface roughening due to plastic deformation can be induced by intrinsic and/or extrinsic 
effects.  Microstructure dynamics of bulk plasticity induced intrinsic defects.  On the other hand 
extrinsic defects are results of external effects such as mechanical contacts of tools, friction and 
wear [146,147].   In the case of this study, roughening occurred mainly intrinsically yet die-
substrate contact occurred at the other side of channel tips.   The most effective factors on 
roughening behavior were reported in literature as strain, grain size and texture whereas the 
roughness increase was irrespective of the stress state [148,149]. 
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Figure 4-6 Surface roughness values of uncoated and 1 µm-thick ZrN coated samples 
4.3.3. ICR Test Results for Blank (Unformed) Samples 
4.3.3.1. Effect of Compaction Pressure 
The first set of tested samples was uncoated and coated blank sheets (unformed).  Evolution 
of the ICR between blank samples and carbon paper GDLs with increasing compaction pressure 
is presented in Figure 4-7. Pictures at right-hand side show ICR between 100 and 200 N/cm2 
compaction pressure for easy comparison while pictures at left-hand side show whole range used 
in the experiments. Each condition was tested three times to address the repeatability.  A 
noticeable decrease in ICR was observed with increasing compaction pressure.  Increase in 
compaction pressure brings the BPP and GDL surfaces closer; consecutively, the number of 
contacting surface asperities increases.  Moreover, existing contact points at the interface are 
flattened due to plastic deformation. Thus, increase of real contact area between GDL and BPP 
surfaces decreases ICR [118,150].   
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4.3.3.2. Effect of Coating Type for Blank Samples 
ICR tests showed that the coating type affected the ICR values of the samples, distinctively. 
Lower ICR values are desired to reduce parasitic power losses and increase current density in 
order to improve efficiency and power density of PEMFC.  TiN coated samples showed the best 
(lowest) ICR values while the CrN coating yielded the highest ICR, even higher than that of 
uncoated samples, unpredictably. ICR performance of ZrN coated samples was found to be 
between TiN and uncoated samples as depicted in Figure 4. ICR values were obtained as 157, 
21, and 12 mΩ-cm2 for TiN, 1583, 339 and 343 mΩ-cm2 for ZrN and 1762, 1364 and 
3788 mΩ-cm2 for CrN coated BPPs  with 0.1, 0.5 and 1 µm thickness values, respectively. 
Findings were discussed and compared with literature in Section 4.4 in detail.  
4.3.3.3. Effect of Coating Thickness on ICR Values of Blank Samples 
In order to determine the optimum coating thickness for ICR value, coating thickness effect 
was investigated. It was observed that the increase in the coating thickness from 0.1 μm to 
0.5 μm led to a decrease in the ICR values considerably in the cases of TiN and ZrN-coated 
BPPs while an ambiguous trend was observed for CrN case (see Figure 4-7).  Further increase in 
coating thickness (from 0.5 to 1 μm) did not help lowering the ICR values, in general.  A coating 
thickness of 0.5 μm resulted in the lowest ICR value of 1364 mΩ-cm2 for CrN coated samples.  
Thicker CrN coating layer (1μm), on the other hand, yielded a remarkably increased ICR value 
of 3788 mΩ-cm2.   It should be noted that even the lowest ICR value obtained for CrN coated 
samples was higher than that of uncoated SS316L.  ANOVA tests were performed to reveal the 
statistical significance of coating thicknesses on ICR results. Analyses were conducted for %95 
confidence interval.  P-values of less than 0.05 indicated statistically significant differences 
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between two compared groups.  According to ANOVA results, differences between coating 
thicknesses for the same type of coating were significant (p-vales between 0 and 0.016) except 
the case of comparison between 0.5 and 1 μm thick-ZrN coated samples (p=0.959) as shown 
Table 4-3. Coating thickness of 0.5 μm seems to be enough to obtain optimum ICR values for 
ZrN coating material, disregarding other possible factors such as degradation in time in PEMFC 
working conditions.   
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Figure 4-7 ICR evolution of SS316L blanks coated with a) TiN, b) ZrN, c) CrN and uncoated 
samples with respect to compaction pressure. (0.1μm, 0.5μm and 1μm are coating thicknesses.) 
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Table 4-3 Statistical analyses on the ICR values of SS 316L blankss with different coating 
thicknesses. 
 
Coating Type 
Comparison of Coating Thicknesses (µm) 
0.1 vs 0.5 0.5 vs 1 
Statistical Significance  
(p-value) 
Statistical Significance  
(p-value) 
CrN Yes (0.010) Yes (0.000) 
TiN Yes (0.016) Yes (0.004) 
ZrN Yes (0.000) No (0.959) 
 
 
 
4.3.4. ICR Results for Formed Samples 
4.3.4.1. Effect of Compaction Pressure 
Evolution of the ICR with regard to increasing compaction pressure is presented in Figure 
4-8 for some of the representative uncoated and coated BPP samples.  Carbon paper GDLs 
(Toray TGP-H 60, Toray Corp., Tokyo, Japan) were used in all tests.  Since ICR values for 
various coatings distinctly differ from each other, logarithmic scale was employed. Variation 
bars represents maximum and minimum ICR values encountered.  Due to increasing real contact 
area between GDL and BPP surfaces, a noticeable decrease in ICR was observed with increasing 
compaction pressure.   
Contact areas were measured as explained Section 3.2.4. and area specific contact resistance 
(ASR) values as well as compaction pressures were recalculated based on these measurements as 
shown in Figure 4-9.  Because of simplifications and lack of precision of the area measurement 
method, resistance of formed samples examined in terms of ICR instead of ASR in next sections.  
ASR values of formed and coated BPPs based on FEA calculation were presented in Appendix.  
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a)  
 
 
b) 
Figure 4-8 ICR evolution of some representative a) CrN and ZrN coated and uncoated, b) TiN 
coated BPP samples by compaction force (Coating thickness: 1 μm, Forming Method: Stamping, 
Die: 750 μm). 
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Figure 4-9 ICR evolution of samples by compaction pressure based on real contact areas 
measured by using pressure sensitive films (Coating thickness: 1 μm, Forming Method: 
Stamping, Die: 750 μm). 
 
4.3.4.2. Effect of Forming Process and Feature Size on the ICR Values of 
Formed Samples 
Figure 4-10 demonstrates the effect of different manufacturing methods and micro-channel 
size of dies used to form BPP samples on ICR.  It can easily be noticed that forming process did 
not differentiate the ICR results significantly, in most cases.  Similarly, channel size was 
observed to be effective in few cases only.  To confirm these statements ANOVA analyses were 
conducted.  Three different ICR test results for each case were obtained at the compaction force 
level of 2240 N were subjected to ANOVA tests for 95% confidence interval.  Comparison of 
ICR values was performed in terms of manufacturing method, and channel size.  Analyses 
showed that manufacturing method affected the ICR values in 3 out of 18 cases, only (* 
Indicates statistically significant difference between two adjacent columns in Figure 4-10).  It is 
concluded that the forming method was not a significant factor on ICR values for BPPs.  
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Similarly, differences between the ICR values for BPPs manufactured with two different die 
channel size (250 and 750μm) were statistically significant in 5 out of 18 cases.     
4.3.4.3. Effect of coating thickness on the ICR values for formed samples 
Coating thickness yielded different effects on ICR values as illustrated in Figure 4-10.  
Increasing the thickness for CrN coating increased the ICR while increasing the thickness for 
TiN and ZrN coatings decreased the ICR.  ANOVA analyses were conducted to disclose the 
statistical significance of coating thicknesses on ICR.  Seven out of nine cases indicated that 
differences between the compared 0.1 and 0.5μm thick-coated samples were statistically 
significant (see Table 4-5).  On the other hand, there were no significant difference between 0.5 
and 1μm coated samples for six out of nine cases.  As shown in Figure 4-10, CrN coating yielded 
very close ICR values for 0.1 and 0.5 μm-thick coating cases.  Similarly, ICR values for TiN and 
ZrN coatings with 0.5 and 1μm thicknesses were in close proximity (see Table 4-5).  
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a) 
 
 
b) 
 
(c) 
Figure 4-10  Contact resistance of a) CrN, b) ZrN, and c) TiN Coated BPP samples acquired at 
2240 N compaction force.  * Indicates statistically significant differences between two columns. 
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Table 4-4  Comparison of ICR values for BPPs in terms of two different channel size. 
Coating 
Material 
Forming  
Method 
Coating Thickness 
(µm) 
Statistical Significance (p-value) 
CrN Hydroforming 0.1 No (0.733) 
0.5 Yes (0.045) 
1 No (0.304) 
Stamping 0.1 Yes (0.020) 
0.5 Yes (0.024) 
1 No (0.070) 
TiN Hydroforming 0.1 No (0.395) 
0.5 No (0.408) 
1 Yes (0.048) 
Stamping 0.1 No (0.512) 
0.5 No (0.178) 
1 Yes (0.012) 
ZrN Hydroforming 0.1 No (0.207) 
0.5 No (0.329) 
1 No (0.127) 
Stamping 0.1 No (0.051) 
0.5 No (0.605) 
1 No (0.133) 
 
 
99 
 
Table 4-5  Statistical significance of effect of coating thickness on ICR.  
Coating 
Type 
Manufacturing 
Method 
Die 
Feature 
Size 
(µm) 
Comparison of Coatings (µm) 
0.1 vs 0.5 0.5 vs 1 
Statistical Significance 
(p-value) 
Statistical Significance 
(p-value) 
CrN Hydroforming 250 Yes (0.004) Yes (0.002) 
750 No (0.293) Yes (0.005) 
Stamping 250 Yes (0.030) Yes (0.003) 
750 No (0.090) Yes (0.001) 
TiN Hydroforming 250 Yes (0.008) No (0.191) 
750 Yes (0.030) No (0.262) 
Stamping 250 Yes (0.000) Yes (0.015) 
750 Yes (0.025) No (0.197) 
ZrN Hydroforming 250 Yes (0.001) Yes (0.001) 
750 Yes (0.000) No (0.133) 
Stamping 250 Yes (0.002) No (0.057) 
750 Yes (0.000) No (0.119) 
 
 
4.3.5. Effect of Corrosion Test on ICR Results 
In order to reveal the effect of PEMFC operation conditions on ICR values for BPPs, coated 
and uncoated BPP samples were subjected to corrosion conditions. Table 4-7 presents the ICR 
results of coated blank samples obtained before and after corrosion tests.  As a general trend, 
corroded samples revealed higher ICR values than that of fresh samples.   
Figure 4-11 presents ICR values for BPPs measured before and after corrosion tests.  1μm 
CrN coated samples demonstrated increased ICR values after corrosion test whereas ICR values 
of 0.1 and 0.5μm CrN coated samples did not change the results, significantly.  In the case of 
ZrN coated samples, ICR values of the 0.1 and 0.5 μm thick-coated samples increased 
significantly after corrosion test while ICR measurements for 1μm coated samples remained 
same or even decreased after the corrosion test.  Table 9 summarizes ANOVA results to assess 
effect of ZrN coating on BPP samples under corrosion test conditions.  TiN coated samples were 
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found to be most vulnerable to the corrosion.  Their ICR values were excessively increased after 
corrosion tests.  Coating thickness was found to be very significantly affecting the ICR of TiN 
coated samples. 1μm-thick TiN coated BPP samples showed the lowest ICR values.  Moreover, 
increasing coating thickness alleviated the effect of corrosion on ICR for TiN coated BPP 
samples. 
Table 4-6  ICR values of unformed samples before and after corrosion test. 
Coating 
Type 
Coating 
Thickness 
(µm)  
ICR Before 
Corrosion Test 
(mΩ)  
ICR After Corrosion Test (mΩ) 
PDH PDO PSH PSO 
CrN 0.1 110.1 127.1 118.6 183.6 121.4 
0.5 85.3 - 102.9 123.5 208.1 
1 236.8 - 225.7 487.5 - 
TiN 0.1 9.8 - 4.7 2.3 10.5 
0.5 1.3 - 19.6 2.6 4.3 
1 0.7 1.0 2.7 1.0 1.5 
ZrN 0.1 99.0 - 132.6 103.0 167.4 
0.5 21.2 - 38.9 196.9 132.2 
1 21.5 22.5 21.7 43.6 22.0 
 
 
 
101 
 
 
 
a) 
 
b)  
 
 
c) 
Figure 4-11  ICR of BPP samples before and after corrosion test for bipolar plates coated with 
a) CrN, b) ZrN, c) TiN coatings 
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Table 4-7  ICR values of ZrN coated BPP samples before and after corrosion test and statistical 
significance of the differences between them. 
Forming 
Method 
Die Feature 
Size (µm) 
Coating 
Thickness (μm) 
Statistical Significance  
(p-value) 
Hydroforming 250 0.1 Yes (0.007) 
0.5 No (0.228) 
1 Yes (0.002) 
750 0.1 Yes (0.004) 
0.5 Yes (0.027) 
1 No (0.875) 
Stamping 250 0.1 No (0.083) 
0.5 No (0.443) 
1 No (0.629) 
750 0.1 Yes (0.000) 
0.5 No (0.057) 
1 No (0.410) 
 
 
4.4. Discussion and comparison of ICR values with literature 
ICR between BPP and GDL are dictated by surface morphology and chemical composition 
of contacting pairs for a given compaction pressure. To ensure the reliability of tests, several 
measures were applied. For example, average roughness (Ra) for all the tested BPP samples was 
measured in the range of 0.15-0.17 µm. In each test, same type of undeformed GDL materials 
was utilized. Hence, coating type and thickness values are left as only variables in test spec.  
Numerous studies have been dedicated to reveal effect of coating materials and methods on 
ICR of BPPs in literature.  Table 4 summarizes ICR values reported in some of those studies for 
uncoated blanks and coated plates for comparison to current study. As it can be noticed from 
Table 4, a very wide range of ICR values were reported for similar coatings.  The most 
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consistent data presented in literature is for TiN coated BPP materials and these values are in 
relatively good agreement with this study as well (see Table 4-8).  ZrN is the least reported 
coating for BPPs, and the value obtained in current study is higher than that of available in 
literature [90].  This discrepancy, most likely, came from difference between substrate 
preparation processes. While simple degreasing and cleaning processes were applied on 
substrates before coating in current study, some mechanical and chemical treatments were 
performed on substrates in most studies.  CrN coating with different preparation variables was 
extensively studied by researchers and wide range of ICR values were reported.   Although low 
ICR values were generally reported in literature, CrN coated samples showed higher ICR values, 
even more than that of uncoated samples, in present study.  All these variations, especially in 
CrN, can be explained by complex nature of resistivity of the coatings as discussed below.  
Wide range of resistivity values for TiN, CrN and ZrN reported in literature as summarized 
some of them in Table 5.  The change in the electrical resistivity has been explained by 
variations in the microstructure, roughness, stoichiometry of the films, the level of impurities 
incorporated, and defect density [108].   The lowest resistivity values of each material can be 
cited as ρTiN=18 µΩ-cm [138] , ρZrN=13.6 µΩ-cm [151] and ρCrN=µ640 Ω-cm [152] for their 
single-crystal bulk forms.  However, resistivity of thin polycrystalline films is strongly higher 
than the resistivity of the corresponding bulk single-crystalline material [153].  The electrical 
resistivity of thin films depends on their composition, microstructure and impurities [113].  
Reactively deposited films show the lowest resistivity in their stoichiometric composition [154-
161].  For example, Kang and Kim observed minimum resistivity of 60 µΩ-cm for 
stoichiometric composition of TiN, while substoichiometric TiN0.7 and super stoichiometric 
TiN1.2 showed increased resistivity values of 102 and 79 µΩ-cm, respectively [155]. Similarly, 
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Benia et al. reported 65, 200 and 65,000 µΩ-cm for stoichiometric ZrN, substoichiometric 
ZrN0.25 and super stoichiometric ZrN1.4, respectively [161].  Indeed, resistivity of CrNx is much 
more sensitive to stoichiometry, compared to that of TiNx and ZrNx.  Martinez et al. measured 
resistivity of 640 µΩ-cm for CrN0.96 when resistivity of CrN1.06 was 10,000 µΩ-cm [158]. 
Moreover, Gall et al. cited that the resistivity values of CrN films reported in literature vary by 
more than six orders of magnitude, ranging from 300 to 6x108 µΩ-cm [162]. They speculated 
that non-stoichiometry, grain boundaries, impurities, extended defects, sample geometry, and 
density might alter resistivity of powder or polycrystalline thin film samples.  TiN and ZrN 
materials exhibit metallic resistivity behavior with positive temperature coefficient. In CrN case, 
early reports also indicated metallic like character; however, newer studies argued that CrN 
display semiconductor, even insulator behavior [163,164].  
In the light of above mentioned reports, it can be said that the rank of the measured values of 
ICR of coated BPP samples were found in accordance with rank of electrical resistance of their 
coating materials, in general.  Lower ICR values for CrN coated samples may be attributed to 
possibility of formation of Cr2N which has markedly lower resistivity, compared to CrN. It is 
reported in literature occasionally that formation of Cr2N is very likely in thermal nitridation 
process and high temperature deposition process [74,76,79,145,165-169].  
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Table 4-8 ICR values of metallic BPP materials prepared with various coating and/or surface 
treatment methods reported in literature.  
Substrate 
Material 
Coating Method/ 
Surface Treatment 
Coating Material Contact Resistance 
(mΩ cm2) 
Reference 
SS316L Uncoated Uncoated 160 at 140 N/cm2 [74] 
Ni-50Cr Uncoated Uncoated 60 at 140 N/cm2 [74] 
Ni-50Cr Thermal Nitridation  CrN/Cr2N <20 at 140 N/cm2 [74] 
SS349TM Uncoated Uncoated 100 at 140 N/cm2 [74] 
SS349TM Thermal Nitridation   CrN/Cr2N 12  at 140 N/cm2 [74] 
SS446 Uncoated Uncoated ~170 at 140 N/cm2 [76] 
SS446 Thermal Nitridation  CrN/Cr2N ~4  at 140 N/cm2 [76] 
SS316L Thermal Nitridation  CrN/Cr2N 10 at 140 N/cm2 [79] 
SS316 Cathode discharge ion plating TiN 40  at 140 N/cm2 [28] 
SS316 Physical vapor deposition  ZrN 160 at 140 N/cm2 [90] 
SS316 Physical vapor deposition Zr 1000 at 140 N/cm2 [90] 
SS316L Thermal Chromizing Cr23C6 /Cr2N 22 at 140 N/cm2 [170] 
1020 Thermal Chromizing  11.8 at 140 N/cm2 [171] 
SS316L Thermal nitridation  Cr2N 66  at 150 N/cm2 [165] 
SS316L Thermal nitridation  CrN/Cr2N 50  at 150 N/cm2 [165] 
SS446M Thermal nitridation  CrN/Cr2O3 6 at 140 N/cm2 [166] 
Fe–27Cr Thermal nitridation  CrN/Cr2N 50 at 140 N/cm2 [167] 
Fe–27Cr–2V Thermal nitridation  CrN/Cr2N 8 at 140 N/cm2 [167] 
Fe–27Cr–6V Thermal nitridation  CrN/Cr2N 5 at 140 N/cm2 [167] 
SS 316L PVD Cr/CrN/Cr2N 100 at 150 N/cm2 [168] 
SS316L Multi-arc ion plating PVD  Cr/CrN 30 at 150 N/cm2 [168] 
SS316L Uncoated Uncoated 66.4 at 274.4 N/cm2 [145] 
SS316L Electron beam PVD TiN 35 at 274.4 N/cm2 [145] 
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SS316L Electron beam PVD CrN 21.8  at 274.4 N/cm2 [145] 
SS316L Electron beam PVD TiAlN 7.5  at 274.4 N/cm2 [145] 
SS (not 
specified) 
Pulsed bias arc ion plating   Cr+Cr2N/CrN 5.8-24.5 at 120 N/cm2 [169] 
SS316 Uncoated Uncoated 34.19 at 180 N/cm2 [28] 
SS316 Hollow cathode discharge ion 
plating  
TiN 32.71 at 180 N/cm2 [28] 
SS310 Uncoated Uncoated ~130 at 150 N/cm2 [84] 
SS310 Electrophoretical deposition  TiN 40 at 150 N/cm2 [84] 
SS310 Electrophoretical deposition TiN/SBR 20 at 150 N/cm2 [84] 
SS316 Hollow cathode discharge ion 
plating  
TiN 36 at 150 N/cm2 [172] 
SS316L Uncoated Uncoated 175 at 150 N/cm2 [173] 
SS316L Radio frequency magnetron 
sputtering  
TiN 25 at 150 N/cm2 [173] 
SS316L Radio frequency magnetron 
sputtering  
CrN 16 at 150 N/cm2 [173] 
SS304 Uncoated Uncoated 240 at 140 N/cm2 [174] 
SS304 Pulsed bias arc ion plating and 
magnetron sputtering   
TiN 30 at 140 N/cm2 [174] 
SS304 Pulsed bias arc ion plating and 
magnetron sputtering 
TiN/Ti2N 25 at 140 N/cm2 [174] 
SS316L Electropolished Uncoated 590 at 150 N/cm2 [175] 
SS316L Physical vapor deposition CrN 3.5 at 150 N/cm2 [175] 
SS340 Physical vapor deposition CrN 4.2 at 150 N/cm2 [175] 
A283-C Electroplated Cr + thermally 
nitrided CrN  
5µm Cr+CrN/Cr2N 15 at 150 N/cm2 [176] 
A283-C Electroplated Cr +  Nitrided 
CrN/Cr2N   
10 µm Cr+ 
CrN/Cr2N 
8 at 150 N/cm2 [176] 
SS316L Uncoated Uncoated 82.2 at 150 N/cm2 [177] 
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SS316L Inductively coupled plasma 
nitridation  
(-100V) 
CrN 79.3 at 150 N/cm2 [177] 
SS316L Inductively coupled plasma 
nitridation  
(-200V) 
CrN 34.0 at 150 N/cm2 [177] 
SS316L Inductively coupled plasma 
nitridation 
(-300V) 
CrN 5.6 at 150 N/cm2 [177] 
SS316L Uncoated Uncoated 570 at 150 N/cm2 [100] 
SS316L Unbalanced magnetron DC 
sputtering  
CrN/Cr 4 at 150 N/cm2 [100] 
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Table 4-9 Reported resistivity values of TiN, CrN and ZrN prepared with various methods and 
conditions. 
Material Coating Method / Structure Resistivity (μΩ-cm) Reference 
TiN Single-crystal film 18  [138] 
TiN Polycrystalline 90  [138] 
TiN Single-crystal 23  [107] 
TiN Filtered vacuum cathodic arc 20 [113] 
TiN Off-plane double bend filtered cathodic 
vacuum arc 
 43-86 at deposition  temperature 
between 50 and 500 °C 
(43 cm at 500°C)  
[107] 
TiNx DC reactive magnetron sputtering 60-110  at x between 0.7 and 1.2 
(60  at x=1) 
[155] 
TiN Radio frequency magnetron sputtering 24  prepared at 400 °C with 8% of nitrogen 
flow 
[156] 
TiN Two step thermal nitridation 27-208  at various stoichiometry [157] 
TiN Reactive evaporation and radio 
frequency sputtering 
76-800  at various O2 impurity [178] 
TiN Reactive sputtering 20   [179] 
TiN Filtered vacuum cathodic arc source and 
simultaneous bombardment from 
nitrogen ion beam. 
72-250  at N energy between  50 and 500 
eV 
(72  at 50 eV) 
[108] 
TixTa1-xN Dual ion beam sputtering 180-290  at x between 0 and 1   [180] 
(Ti,Zr)N Radio frequency magnetron sputtering 72.3 to 224.1  at packing factor between 
0.62 and 0.8 
(72.3  at packing factor of 0.8)   
[181] 
TiN Radio frequency magnetron sputtering 75-415  at density between 4.99 and 5.12 
g/cm3 
[182] 
TiN Reactive sputtering 47-95  at film thickness between 50 and 
195 nm 
[183] 
TiN The plasma beam sputtering at 200 °C 62  [184] 
TiN The plasma beam sputtering at 460 °C 21  [184] 
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TiN Reactive sputtering 75-200  at N2 flow ratio between 0 and 1 
(75  at 0 and 0.22 N2 flow ratio)  
[185] 
TiN Reactive sputtering 50-300  O/Ti ratio between 0.02 and 0.23 
50 at the O/Ti ratio of 0.02 
[186] 
TiN Sputter deposition 39-65  at Ti/N between 0.83 and 1.02 
(39  at  Ti/N ratio of 1.02) 
[154] 
TiN Reactive sputtering 55  [187] 
TiN Bulk 20±10  [188] 
TiN Bulk 25  [189] 
TiN Bulk 25  [190] 
TiN Single crystal by ultrahigh vacuum 
reactive magnetron sputter deposition 
13  [191] 
TiN DC reactive magnetron sputtering 12.4  [192] 
TiN Plasma-beam sputtering 53 [193] 
Cr2N Bulk 75  [189] 
CrN/Cr2N Physical vapor deposition min 29  at 0.01 N elemental composition  [159] 
Cr/CrN DC sputtering with different levels of 
argon and nitrogen flows 
100-10,000  at N2/Ar flow ratio between 0 
and 1 
100  at N2/Ar flow ratio of 0 
[160] 
CrN Ultra-high vacuum magnetically 
unbalanced magnetron sputter deposition 
77,000  [162] 
CrN - 300- 600,000,000  [162] 
CrN - 600-800  [165] 
Cr2N - 79-89  [165] 
CrN The plasma beam sputtering at 200 600-650  [184] 
CrN Plasma-assisted molecular-beam epitaxy 8,000  [194] 
CrN Reactive magnetron sputtering 350,000  [195] 
CrN DC magnetron sputtering 7,300-71,400  at substrate temperature 
between 550 °C and 850 °C 
7,300 at 550 °C 
[196] 
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CrN Bulk 640 [152] 
CrN Reactive magnetron sputtering 2,000-1,0000 [152] 
CrN Plasma-beam sputtering 304 [193] 
CrN Reactive magnetron sputtering 1,200-7,000 [158] 
CrNx Reactive magnetron sputtering 640 at x=0.96 
10,000 at x=1.06 
[158] 
CrN Bulk 10,000 [158] 
ZrN DC reactive magnetron sputtering under 
different negative substrate bias. 
130-210  at bias voltage between 0 and 
300V 
(130  at 200V) 
[197] 
ZrN Single-crystal 13.6  [151] 
ZrNx DC magnetron sputtering 65-20,000  at x between 0 and 1.4 
(65 at x=0 and x=1, similar resistivity for 
Zr and ZrN) 
[161] 
ZrN Hollow cathode discharge ion plating 64-837  at substrate bias between 0 
and -150 V 
(64  at substrate bias of -120 V) 
[198] 
ZrN Single ion beam sputtering 1,000-1,4000  at substrate temperature 
between 373 and 723 K 
(1,000  at substrate temperature 373 K) 
[199] 
ZrN Bulk 7-21  [188] 
ZrN Bulk 21  [190] 
ZrN DC magnetron sputtering 190 [200] 
ZrN Ion beam sputter-deposition 250-300 [201] 
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4.5. Conclusions 
Interfacial contact resistance of bipolar plates, as one of the crucial issues in PEM fuel cell 
operations, have been investigated in order to understand the effect of manufacturing method, 
and conditions, coating type and thickness, and  corrosion exposure.  
It was revealed that the manufacturing method and BPP channel size slightly affected the 
ICR of the metallic BPP samples whereas the effect of coating material and coating thickness 
was found to be significant.  ICR tests surprisingly indicated that CrN coating increased the 
contact resistance of the samples compared to uncoated blank SS316L substrate material.  ZrN 
coating, on the other hand, improved conductivity of the SS316L substrate material.  Another 
noticeable finding with ZrN coated BPPs was that 0.5 and 1μm coated samples showed similar 
ICR performance after and before corrosion tests.  Nevertheless, such improved levels of 
performance in ICR still do not meet the respective targets set by DOE [29].  TiN coated samples 
revealed the lowest electrical contact conductivity among the other coatings.  ICR values for TiN 
coated samples were the only group close to meet the DOE targets. However, their ICR 
significantly increased after short term corrosion test.  Next chapter is aimed to reveal the effect 
of manufacturing-coating sequence on ICR values to obtain a broader understanding in this field.  
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5. CHAPTER 5: Process Sequence Effect on Contact Resistance Characteristics 
of Coated Metallic Bipolar Plates for PEM Fuel Cells 1 
Abstract 
This chapter is aimed for understanding the effect of process sequence on interfacial 
electrical contact resistance (ICR) of coated stainless steel (SS) 316L bipolar plates (BPP) for 
polymer electrolyte membrane fuel cells (PEMFCs).  To this aim, in first group of testing, BPP 
samples were formed using two different manufacturing methods (hydroforming and stamping).  
Then, these formed BPP samples were coated with three different PVD coatings (CrN, TiN and 
ZrN) at three different coating thicknesses (0.1, 0.5 and 1 µm).  In the second group, SS 316L 
blank samples were coated first; then, they were formed by the same manufacturing methods as 
in the first group.  Finally, these two groups of BPP samples (formed-then-coated and coated-
then-formed) were tested for their ICR to reveal effect of process sequence, namely coating 
before or after forming.  In addition, ICR tests were applied to BPP plates both before and after 
corrosion exposure to disclose effect of near-real PEMFC conditions on the ICR.  Contrary to 
predictions, BPP samples which were coated-then-formed exhibited similar or even better 
performance than formed-then-coated BPP samples in terms of ICR.  Thus, forming of coated 
blanks seemed to be more favorable and worth further investigation in quest of making cost 
effective BPPs for mass production of PEMFC.   
  
                                                 
1 The contents of this chapter are under final preparation to be submitted for publication. 
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5.1. Introduction 
When coated metallic materials are preferred for BPP, order of process sequence would be 
important.  Coating of BPPs after forming seems to be reasonable choice since one can expect 
that forming of coated blanks may deteriorate the surface due to possible deformation of coatings 
with brittle characteristics. On the other hand, forming of pre-coated metallic material can 
increase manufacturing speed of BPPs.  “Finish first, fabricate later” is a growing trend in sheet 
metal manufacturing due to promise of  simpler workflows, reduced stock, easier environmental 
compliance and lower overall costs [146,202].  Although the literature is abundant on 
investigating the effect of forming process on coating failures [203-206], to the best of 
knowledge of the authors, there is no dedicated study exploring the effect of processes sequence 
on ICR behavior of coated metallic BPP.  The aim of this study was determined as to disclose 
effect of process sequence e.g., coating before forming versus coating after forming, on contact 
resistance of the coated metallic BPPs. 
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Table 5-1 Performance requirements for PEM fuel cell bipolar plates [29] 
Property Unit Value 
Tensile strength – ASTM D638 MPa >41 
Flexural strength – ASTM D790 MPa >59 
Electrical conductivity S cm−1 >100 
Corrosion rate μA cm−2 <1 
Contact resistance mΩ cm2 <20 
Hydrogen permeability cm3 (cm2 s)−1 <2.10−6 
Mass kg/kW <1 
Density – ASTM D792 g cm−3 <5 
Thermal conductivity W (m K)−1 >10 
Impact resistance (unnotched) ASTM D-256 J m−1 >40,5 
  
5.2. Experimental Methodology and Conditions 
In this study, two groups of coated metallic BPPs were investigated in terms of process 
sequence on ICR between BPPs and gas diffusion layer (GDL).  The first group of samples were 
‘formed-then-coated’ (FtC) BPPs while the second group of ‘coated-then-formed’ (CtF) BPP 
samples were coated as blank sheets; then, formed with same forming methods (stamping and 
hydroformed). Three different PVD metal nitride coatings, namely titanium nitride (TiN), 
chromium nitride (CrN), zirconium nitride (ZrN), at three different coating thicknesses, 0.1, 0.5 
and 1 μm, were applied by Tanury Industries Co. (Lincoln, RI, USA).  Table 5-3 shows PVD 
process parameters provided by supplier.   
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Two different die geometries were employed to obtain channels on BPP samples.  Forming 
dies were named according to their channel heights, 250 and 750 μm, throughout the study.  
Forming parameters were selected as 40 MPa pressure with a pressure rate of 1 MPa/s in 
hydroforming and 200 kN force with a punch speed of 1 mm/s in stamping based on previous 
works.  Detailed description of the forming processes employed and test setup used were given 
in a previous study by authors [133].   
Bipolar plate surfaces were investigated with Hitachi SU-70 scanning electron microscope 
(SEM) fitted with EDAX energy dispersive X-ray spectroscopy system (EDX) and HIROX KH-
7700 (HIROX-USA, NJ, USA) confocal optical microscope.  Wyko NT1100 optical profiler 
(Veeco Instruments Inc., Tucson, AZ, USA) was used for BPP surface roughness measurements. 
Interfacial contact resistances between samples and carbon paper GDL (Toray TGP-H 60, 
Toray Corp., Tokyo, Japan) were measured by the method developed by Wang [14].  The 
detailed information about the method and experimental setup were explained in Section 3.2.5 
and [60,133].  ICR tests were conducted before and after corrosion tests in order to reveal effect 
of PEMFC conditions exposure on ICR values. Potentiodynamic electrochemical corrosion test 
with O2 bubbling was chosen to simulate cathodic conditions of PEMFC.  Potential range was 
changed between -1.2 V and 0.8 V with respect to standard hydrogen electrode (SHE) at a 1 
mV/s rate in potentiodynamic experiments.  Detailed explanation of the corrosion test procedure 
can be found in an earlier work [59].   
Coated-after-forming samples underwent to ICR test as received whereas coated-before-
forming BPP samples were subjected to ultrasonic cleaning in an acetone bath prior to ICR tests.  
Post corrosion test samples were also cleaned by acetone to remove the acidic solution residues.    
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Table 5-2 Chemical composition of SS316L (Browns Metals Co., Rancho Cucamonga, CA, 
USA). 
C Mn P S Si Cr Ni Mo Cu N Fe 
0.021 1.48 0.033 0.001 0.43 16.20 10.03 2.06 0.43 0.04 Bal 
  
Table 5-3  Coating conditions (provided by Tanury Industries). 
Run# Coating Thickness Temperature Deposition 
Time 
Deposition 
Current 
Bias 
Voltage 
Nitrogen 
flow rate 
Argon 
flow 
rate 
Pressure 
  (µm) (°C) (mins) (A) (V) (sccm) (sccm) (m Torr) 
1 TiN 0.1 60  6  450  75  500 800 5 
2 TiN 0.5 60  38  450  75  500 800 5 
3 TiN 1 60  75  450  75  500 800 5 
4 CrN 0.1 60  2  450  75  500 800 5 
5 CrN 0.5 60  4  450  75  500 800 5 
6 CrN 1 60  8  450  75  500 800 5 
7 ZrN 0.1 60  2  450  75  500 800 5 
8 ZrN 0.5 60  8  450  75  500 800 5 
9 ZrN 1 60  16  450  75  500 800 5 
 
 
5.3. Results and discussions 
5.3.1. Surface evaluation of substrate 
Surface morphology of the substrate was investigated by using confocal optical microscopy. 
Figure 5-1a represent general appearance of formed uncoated BPP surface.  Evolution of the 
surface due to forming process can easily be seen by comparing unformed blank (Figure 5-1b) 
and channel tip of formed BPP (Figure 5-1c).   
Surface roughness values of unformed blank and formed BPPs with various surface 
conditions were reported in Figure 5-2.  While roughness of uncoated and coated BPPs were in 
same order, roughness of uncoated blank was almost one order of magnitude lower than that of 
formers.   
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Surface roughening due to plastic forming can be induced by intrinsic and/or extrinsic 
effects. Microstructure dynamics of bulk plasticity induced intrinsic defects. On the other hand 
extrinsic defects are results of external effects such as mechanical contacts of tools and friction 
[146,147].   In the case of this study, roughening occurred mainly intrinsically yet die-substrate 
contact occurred at the other side of channel tips.   The most effective factors on roughening 
behavior were reported in literature as strain, grain size and texture whereas the roughness 
increase was irrespective of the stress state [148,149]. 
 
Figure 5-1 Optical images representing surface evolution due to forming process. a) Confocal 
microscopy image of BPP; b) surface morphology of unformed blank and c) channel tip of BPP. 
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Figure 5-2 Surface roughness values of unformed blank substrate and BPP samples with 
different surface conditions.  
5.3.2. SEM images of BBP samples 
SEM images were used to investigate surface morphology of various BPP samples. Figure 
5-3 compares effect of process sequence on coating structure. The sample in Figure 5-3a was 
formed first, then coated with 1 µm TiN, whereas samples in Figure 5-3b, Figure 5-3c and Figure 
5-3d formed by using pre-coated blanks with 1, 0.5 and 0.1 µm thick TiN layer, respectively.  
Pitting defects are more visible in FtC sample (Figure 5-3a); coating cracks in transverse 
direction to strain are clearly noticeable only on CtF samples.  Macro defects (white particles in 
pictures) are common for all samples (also investigated at Section 4.3.1).  Density of cracks was 
higher at channel tips and walls compared to channel valleys due to different deformation 
pattern, as shown Figure 5-4a and Figure 5-4b respectively.  Small amount of coating 
delamination and spallation were also detected as presented Figure 5-4c.  Cracking paths mostly 
preferred to overlap macro defect points (see Figure 5-4d for close-up SEM micrograph).  This 
fact can indicate that macro defects behave as notches in coating structure.  TiN and ZrN 
coatings with different thicknesses exhibited similar patterns, mostly directional cracks to 
perpendicular to strain direction while various thickness CrN coatings showed different shape of 
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cracks (see Figure 5-5).  Approximate interval between adjacent cracks was 2 µm for TiN and 
ZrN coatings regardless of thickness.  On the other hand, 0.7 µm crack distance on 1 µm CrN 
coating reduced to 0.15 µm for 0.1 µm thick CrN coating, roughly.  Another difference for 
0.1 µm CrN coating was small rhombic cracks instead of directional and continuous patterns 
compare to others (see Figure 5-5). 
In order to reveal elemental composition differences between non-cracked and cracked area 
EDX analysis was conducted on 1 µm-thick ZrN coated samples.  Although ratio of Zr decreased 
markedly in cracking region (from 29.59 to 5.72 percent in weight), significant amount of Zr 
atoms were still detectable. This finding indicates that protective ZrN coating are still available 
in cracking area which is crucial to maintain corrosion protection while in contact resistance 
aspect, composition of this area is not expected so critical yet contact occurs at top of the coating 
surface only.       
 Erikkson et al. conducted a similar experiment to investigate the effect of plastic 
deformation on integrity of TiN coating [206].  They observed that cracking behavior depended 
on amount of strain and coating thickness.  The authors also reported improvement of corrosion 
resistance of TiN coated samples compared to bare substrate material, in spite of damages on 
coating layer.   
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Figure 5-3 SEM images for a)1 µm TiN coated after forming, b ) 1 µm,  c) 0.5 µm,d 0.1 µm TiN 
coated beforeBPP samples. 
 
 
Figure 5-4 SEM images of 0.5 µm TiN coated BPP samples showing a) channel valley, b) 
channel wall, c) close up view cracking and spallation area and d) macro defects.  
a) b)
c) d)
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Figure 5-5 SEM images of a) 1 µm ZrN b) 1 µm CrN c) 0.5 CrN and  d)0.1 µm CrN coated 
samples.  (All samples were stamped with 750 µm-die and images were taken from channel tips). 
 
 
Figure 5-6 EDX analysis of ZrN coated BPP samples at a) non-cracked and b) cracked area. 
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5.3.3. ICR Evolution of BPP Samples with Compaction pressure 
Evolution of the ICR with regard to increasing compaction pressure is presented in Figure 
5-7 for some of the representative uncoated and coated BPP samples.  Uncoated BPP sample was 
also included to the experiments for comparison purposes.    In Figure 5-7a, logarithmic scale 
was used to cover wide range of ICR values of various coated samples in the same graph. Due to 
the increasing real contact area between GDL and BPP surfaces, an exponential-like decrease in 
ICR was observed with increasing compaction pressure as expected. TiN coated samples 
exhibited lowest level of contact resistance among the reported cases, and it was followed by 
ZrN, and CrN coated samples. Uncoated samples yielded lower ICR values than CrN coated 
samples. While the process sequence (formed+coated vs. coated+formed) did not affect the ICR 
values in TiN and ZrN cases, significant differences were observed in CrN cases.  
Area specific contact resistance (ASR) and compaction pressure were calculated based on 
measured contact area, explained Section 3.2.4., as represented in Figure 5-8. Ranking of the 
contact resistance values for the samples did not change compared to Figure 5-7. ICR of the 
samples at 2240 N were presented and statistically compared in next sections.  ASR values of 
coated and formed BPPs based on FEA calculation were presented in Appendix. 
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a) 
 
 
 
b)        
Figure 5-7 ICR evolution of some representative a) CrN and ZrN coated and uncoated, b) TiN 
coated BPP samples manufactured with two different sequence as function of compaction force 
(Coating thickness:1 μm, Forming Method: Stamping, Die: 750 μm channel height). 
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Figure 5-8 ASR evolution of BPP samples manufactured with two different sequence as function 
of compaction pressure based on contact area measured pressure sensitive film. (Coating 
thickness: 1 μm, Forming Method: Stamping, Die: 750 μm channel height). 
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5.3.4. Effect of Process Sequence on ICR Before Corrosion test 
BPP samples manufactured with two different process sequences namely, formed-then-
coated (FtC) and coated-then-formed (CtF) are compared in Figure 5-9.  CrN CtF BPP samples 
gave lower ICR values for all conditions (regardless of forming method, die channel heights and 
coating thicknesses) than that of FtC BPP samples.  ANOVA analyses for 95% confidence 
interval indicated that differences between these groups are statistically significant except for 
four cases (* in Figure 5-9, Figure 5-10 and Figure 5-11 indicates that difference between two 
adjacent column statistically significant). Three out of four cases, which showed insignificant 
changes, were in 0.1 µm CrN coated samples.  ICR differences between BPP samples for the 
investigated process sequences were more distinct at 1 µm coating thickness.   One of the most 
notable differences between these two groups is that 1 µm CrN FtC forming showed distinctly 
higher ICR values than 0.1 and 0.5 µm coating cases whereas this difference was not so distinct 
for FtC BPP samples.  This fact can be attributed that semiconducting CrN layers fractured 
during forming process and permitted more electron to flow in CtF cases.  ICR values for all CrN 
coated samples were found to be too higher than the acceptable levels although they reported as 
the most corrosion resistant among others [134]. 
1 µm TiN FtC BPP samples had the best ICR performance among all the tested cases 
showing under 0.62 mΩ.  Differences between two sequences were significant for all 1 µm cases 
where only one case registered with statistically significant difference among 0.1 and 0.5 µm 
TiN coated cases.  Effect of process sequence was found to be insignificant for ZrN coated 
samples except two out of 12 cases in stamping.  0.5 and 1 µm coated ZrN samples had 
relatively similar ICR whereas 0.1 µm coated samples showed markedly higher ICR compared to 
them.    
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Alaca et al. tested effect of tensile strain on resistivity for Al thin films (400nm) on 152 μm-
thick polyimide substrates [207].  They reported steep increase in resistivity by strain because of 
micro crack formation in Al film. A similar study with 100 nm thick Al films on micrometer-
thick polysulfone was reported by Bautista et al., recently [208].  They observed a slight decrease 
at the beginning of the tensile test and then similar marked increase in resistivity with increasing 
strain due to cracks occurred in film. Although studies like mentioned above provide information 
on conductive films on insulating substrate (typical for electronic and electro mechanic 
applications) relevance of these information to the case in present study is very limited due to 
different nature of the application.  Interest was on through plane electron flow in this study 
whereas cited studies investigated in plane current mainly.   
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a) 
 
b) 
 
c) 
Figure 5-9 ICR of a) CrN, b) TiN, c) ZrN coated BPP samples at 2240N. (For hydroforming and 
stamping; using 250 and 750 µm feature sized dies; and 0.1, 0.5 and 1 µm coating thicknesses).  
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5.3.5. Effect of Corrosion Exposure on ICR  
Effect of corrosion test on ICR values of BBP samples which were coated before and after 
forming have been investigated and presented in this section.  As depicted in Figure 5-10, ICR 
values of only CrN coated BPP samples significantly decreased in two cases whereas changes for 
ten remaining cases were found as insignificant.  All the ICR values for TiN coated samples 
increased after corrosion test.  Although these increases look markedly in first glance, 
approximately three fold for 0.1 µm, two fold for 0.5 and 20 percent for 1 µm coating 
thicknesses, ANOVA showed that changes were statistically significant for only half of the cases 
due to scattered ICR values obtained especially after corrosion test.  Similar to TiN coated BPP 
samples, ICR for ZrN coated samples increased after corrosion test as well. However, ICR 
differences between before and after corrosion tests were not distinct, opposed to TiN coated 
samples, and ANOVA detected statistically significant increases in three out of twelve cases. 
Decrease in ICR of CrN coated samples can be ascribed that degradation of semiconducting CrN 
layer increased their conductivity yet CrN coated BPPs had higher ICR values than that of 
uncoated samples. 
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a) 
 
b)  
 
c) 
Figure 5-10 ICR values of a) CrN, b) TiN, c) ZrN coated BPP samples at 2240N before and after 
corrosion test.  (* indicates statistically significant difference between two colomns) .  
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5.3.6. Effect of Process Sequence on ICR After Corrosion Exposure 
BPP samples manufactured with two different process sequences were compared after they 
were exposed to 30 minutes potentiodynamic corrosion tests. As a general remark, corrosion 
resistance of coatings was in descending order of ZrN, CrN and TiN [134]. ICR tests after 
corrosion exposure revealed that CrN FtC samples showed lower ICR compared to CrN coated 
BPP samples after forming. In most of the cases, differences between these two groups of 
samples were found to be statistically significant.  Like CrN coated samples, TiN coated BPP 
samples before forming demonstrated lower ICR values compared to other sequence type.   
Although obvious ICR value differences between these two sequences were observed, ANOVA 
detects statistically significant differences between four cases out of twelve because of scattered 
ICR values.  In the case of ZrN coated samples, effect of sequence did not reveal any clear 
pattern on ICR.  All the differences between these two groups were found as statistically 
insignificant. More stable ICR performance of ZrN coated samples after corrosion test can be 
attributed to the better corrosion resistance of ZrN compared to CrN and TiN. 
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 a) 
 
b) 
 
c) 
 Figure 5-11 ICR values of a) CrN, b) TiN, c) ZrN coated BPP samples manufactured with two 
different sequences after corrosion test at 2240 N (for hydroforming and stamping; using  250 
and 750 µm feature sized dies; and 0.1, 0.5 and 1 µm  coating thicknesses).   
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5.4. Conclusion 
In this study, effect of process sequence on ICR values measured for CrN, TiN and ZrN 
coated SS316L BPPs was investigated.  Coating application before or after forming process 
altered the ICR behavior of the metallic bipolar plate samples.  In CrN coating case, coating 
before forming resulted in lower ICR compared to the reverse order, coating after forming.  
Nevertheless, all the ICR values acquired for the CrN coated samples were extremely higher than 
required level of BPP materials.  TiN coated samples exhibited the best ICR performance in 
current study meeting DOE targets.  Formed-then-coated BPP samples resulted in decreased ICR 
values than coated-then-formed BPPs. The downside of TiN coated samples was their 
vulnerability against corrosion exposure.  Their ICR values markedly increased after exposure to 
corrosion.  ZrN coated samples showed an improved ICR performance compared to bare SS316L 
samples as expected from coating applications. Nevertheless, their ICR values were not low 
enough to meet the DOE target.  Process sequence was not significantly effective on ICR 
behavior of ZrN coated plates for both before and after corrosion test.  A vital advantage of ZrN 
coating was that ZrN coated samples showed similar ICR performance after and before exposure 
to corrosion conditions.  In conclusion, metallic coated-then-formed BPP samples exhibited 
similar or even better performance than formed-then-coated BPP samples in terms of ICR.  Thus, 
it is concluded that continuous coating of unformed strips prior to forming of BPP samples 
seemed to be favorable and worth more detailed investigations to realize the cost effective BPP 
manufacturing for PEMFC applications. 
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6. CHAPTER 6: Summary, Scientific Contributions and Suggested Future Study  
6.1. Summary of the Findings and Contributions of the Study 
The contact resistance of the metallic bipolar plates strongly influences the efficiency and 
durability of the PEMFCs.  Although numerous researchers have studied on contact resistance of 
bipolar plate metals, this is the only detailed study in open literature dedicated to investigation 
the effect of manufacturing process on the contact resistance of the metallic BPP.  Thus, this 
study aimed to bring about a broader understanding of manufacturing effects (process, material, 
coating type, coating thickness, coating and manufacturing process sequence) on the BPP contact 
resistance.  This understanding is expected to help having a complete picture of the performance 
of the stainless steel bipolar plates manufactured through stamping and hydroforming.   
At the first stage of experimental study, stainless steel (SS304 and SS3016L) BPP samples 
were manufactured under various manufacturing conditions, and then were subjected ICR tests.  
In general, stamped BPP samples demonstrated higher conductivity (i.e. low ICR) than the 
hydroformed BPP samples. It can be concluded that manufacturing parameters are effective on 
ICR performance of metallic BPP.  Increasing maximum pressure levels in hydroforming 
resulted in decreasing ICR values. In addition, BPP samples with larger channel size (750µm) 
exhibited lower ICR than the BPPs with smaller channel size (250µm).  Short term 
electrochemical corrosion tests decreased ICR values of the BPP samples.  Nevertheless, all ICR 
values recorded during experiments were distinctly higher than acceptable upper limit of DOE 
target. 
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Upon successful completion of first phase and its findings as well as based on the literature 
review, coated BPP samples were studied in the second stage.  Physical vapor deposition 
technique was used to coat bipolar plates with CrN, TiN and ZrN coatings at 0.1μm, 0.5μm and 
1μm coating thicknesses. Hence, effects of different coatings and coating thickness parameters 
were studied as manufactured BPPs. 
Coating material and thickness were found significant parameters affecting ICR.  TiN coated 
samples revealed the best electrical contact conductivity among the other coating materials. ICR 
values of TiN coated samples were the only samples group meeting or close to DOE targets.  
CrN coated samples showed highest ICR.  Their values were even higher than uncoated BPP 
samples.  Increasing coating thickness increased ICR values of the CrN coated samples whereas 
increasing coating thickness decreased ICR of the TiN and ZrN samples.  Blank sheets revealed 
markedly higher ICR values than corresponding formed BPP samples.  This result emphasizes 
the importance of realistic sample geometry to assess BPP materials.  Hydroforming process, in 
comparison to stamping process, delivered slightly lower contact resistant samples. Different die 
geometries resulted almost same ICR values in hydroforming whereas most of the cases in 
stamping, smaller channel height dies produced BPP samples with higher ICR.  Thus, it can be 
deduced that manufacturing method and die geometry affected the ICR of the metallic BPP 
samples although effects of them were not as significant as coating material and coating 
thickness.   
In phase three, effect of process sequence on coated BPPs investigated. When coated 
metallic materials are preferred for BPP, order of process sequence would be important.  Coating 
of BPPs after forming seems to be reasonable choice since one can expect that forming of coated 
blanks may deteriorate the surface due to possible deformation of coatings with their brittle 
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characteristics. On the other hand, forming of pre-coated metallic material can increase 
manufacturing speed of BPPs.   
Experiments indicated that applying coating before or after forming process modified ICR 
behavior of the samples. Contrary to predictions, BPP samples which were coated prior to 
forming exhibited similar or even better performance than coated after forming samples in terms 
of ICR. Thus, continuous coating of unformed stripes, then, applying forming process seemed to 
be favorable and worth further investigation in the quest of making cost effective BPPs for mass 
production of PEMFC. 
6.2. Suggested Future Work 
Contributions of present study can be further improved via proposed studies. 
Findings of this study can support prospective numerical studies by providing them with 
necessary experimental data.  Thus, more generalized results can help further understanding of 
relationship between manufacturing process and contact resistance. 
A coating found as the best in terms of contact resistance by meeting DOE target in this 
study were reported with unacceptable corrosion resistance in a connected study.  Multi-layer 
coating has been investigated in PEMFC studies.  Effect of manufacturing process on multi-layer 
coated BPP plates may contribute to bring about proper material and manufacturing method to 
discover desired performance of metallic BPP with an acceptable cost. 
As manufacturing process effective on channel shape and configuration, it not only related 
with contact resistance but also has impact on mass transportation issues.  Proposed works 
including this multi-physics aspect may contribute to improvement of PEMFC technology.  
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APPENDIX 1: ASR of formed then coated BPPs. 
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APPENDIX 2: ASR of BPPs with two different sequences. 
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APPENDIX 3: ASR of BPPs with two different sequences after corrosion test. 
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Forming Method Die Channel Height 
(µm) 
Contact Area 
(cm2) 
Compaction Pressure 
(N/cm2) 
Stamping 750 6.4 350 
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